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Seismicity and Focal Mechanisms for the Southern Great Basin
of Nevada and California: 1987 through 1989

Abstract

For the calendar year 1987, the southern Great Basin seismic network (SGBSN) recorded about
820 earthquakes in the southern Great Basin (SGB). Local magnitudes ranged from 0.2 to 4.2
(December 30, 1987, 22:50:42 UTC at Hot Creek Valley). Five earthquakes epicenters in 1987
within the detection threshhold of the seismic network are at Yucca Mountain, the site of a potential
national, high-level nuclear waste repository. The maximum magnitude of those five earthquakes
is 1.1, and their estimated depths of focus ranged from 3.1 to 7.6 km below sea level. For the
calendar year 1988, about 1280 SGB earthquakes were catalogued, with maximum magnitude 4.4 for
an Owens Valley, California, earthquake on July 5, 1988. Eight earthquake epicenters in 1988 are at
Yucca Mountain, with depths ranging from three to 12 km below sea level, and maximum magnitude
2.1. For the calendar year 1989, about 1190 SGB earthquakes were located and catalogued, with
maximum magnitude equal to 3.5 for an earthquake about ten miles north of Las Vegas, Nevada,
on January 9. No Yucca Mountain earthquakes were recorded in 1989. An earthquake having a
well-constrained depth of about 30 km below sea level was observed on August 21, 1989, in eastern
Nevada Test Site (NTS).

The greatest concentration of SGB earthquakes in a small area during the three years 1987
through 1989 occurred at the Reveille Range (Reveille Peak quadrangle), about 115 km north of
Yucca Mountain. Other concentrations of seismicity were observed at Rock Valley (southern Nevada
Test Site), Pahranagat Shear Zone, Sarcobatus Flat, Gold Flat, and in the Grapevine Mountains.
Seismicity near Boulder City, Nevada and Lake Mead produced very modest structural damage at
Boulder City. The magnitude 3.5 earthquake in January, 1989, near Las Vegas, Nevada, resulted in
a few cracked windows at Las Vegas, the only other case of damage being reported from earthquakes
in the southern Great Basin for that three-year period.

Focal mechanisms from thirty-one SGB earthquakes are presented in this report. The solutions
range from normal slip or oblique slip to strike slip, with a few having sub-horizontal nodal planes.
Tension axes for most SGB earthquake focal mechanisms cluster in the northwest-southeast direc-
tion, and tend to display sub-horizontal angles of inclination. Alternate focal mechanism solutions
resulting from different assumed hypocenters demonstrate that, in some instances, the current seis-
mographic network cannot provide unambiguous focal mechanism solutions, even for some of the
magnitude > 3 earthquakes. This is because the focal mechanism is dependent on depth of focus,
which is often a poorly resolved parameter.

Examination of travel-time delays for P waves from NTS nuclear tests indicates a strong 180°
azimuthal pattern, especially for data from Rainier Mesa and western Yucca Flat tests. This pattern
could be the signature of stress-induced and/or crack-induced azimuthal velocity anisotropy, or
alternatively, of a high-speed body having a longitudinal axis oriented approximately north 10°
east to south 10° west, possibly the lower carbonate aquifer. Whatever the source, delays have no
significant correlation with distance, probably indicating the presence of localized tectonic or geologic
anomalies (radius < 50 km) rather than a regional feature.

Introduction

The SGBSN, one of several regional seismographic networks operating in the Great Basin, has
monitored local seismicity and has recorded arrivals from regional and teleseismic earthquakes con-
tinuously since August, 1978. 54 permanent stations were in place by mid-1981, including a dense
sub-array at Yucca Mountain, Nevada. Preliminary hypocenter listings and seismicity data anal-
ysis from data collected by the SGBSN for the period August, 1978 through December, 1986, are
presented in Rogers and others (1987) and Harmsen and Rogers (1987). This report is an adden-
dum/update to those reports. A broad-scope review of the seismotectonics of Nevada is available in



Rogers and others (1991), where contemporary SGB and other seismicity data are discussed in the
context of the Cenozoic deformation of the Great Basin.

The SGBSN was initially composed entirely of vertical-component seismographic stations. Eight
horizontal-component seismographs were added in 1984, and a vertical-component seismograph south
of Boulder City, Nevada, was added in August, 1988. Figure 1 shows the seismic station locations and
major physiographic structures discussed below. Appendix E lists station parameters. References to
individual stations in the text below will be in bold font.

The primary purpose of the network is to investigate the seismotectonic environment in the
immediate vicinity of Yucca Mountain, Nevada, the potential site of a high-level, national nuclear
waste repository. Also, the network provides information on seismicity at greater distances, out to
about 160 km radial distance of Yucca Mountain. Seismic signals from the network are continuously
telemetered to the USGS data processing center in Golden, Colorado, where preliminary hypocenter
determination is performed, along with research on focal mechanisms and faulting, on fluid-induced
seismicity, on attenuation of seismic waves, on velocity structure, on crustal strain in the southern
Great Basin, and other topics having relevance to the Yucca Mountain Project.

Operation of the seismic network is funded under an interagency agreement with the Department
of Energy, which provides Quality Assurance regulations for the collection, analysis, interpretation,
reporting and archiving of data. Digital, event-oriented SGBSN data (seismograms, station data,
and so on) are permanently archived on magnetic tapes, and a nearly continuous record of analog
SGBSN data is also maintained on 16 mm develocorder film. Because seismic data in the SGB come
from sources and crustal paths that exhibit large degrees of geologic variability, with many details
that are simply unknown, the hypocenters and analyses that are presented in open-file format must
be considered preliminary. Uncertainty in many reported parameters, such as those associated with
earthquake location and focal mechanism, is in most cases substantial and difficult to completely
quantify. In this report, consequences of uncertainty are explicitly addressed by offering alternate
hypocenters and focal mechanisms that are of comparable “goodness-of-fit” within the context of the
simplified geologic models invoked to parametrize the earth. Since a possible consequence of this high
level of ambiguity is that permissable licensing uncertainties about the seismotectonic component of
the geologic system may be exceeded, as stipulated in 40 CFR Part 191, the U.S.G.S. response is to
increase the density of seismic station coverage of southwestern Nevada during the next few years,
with the expectation of reducing parameter estimate uncertainties for much of the recorded local
seismicity.
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Calibration procedures and results

A complete discussion of the technical procedures used in field calibrations of SGBSN stations
is presented in the Quality Assurance document, YMP-USGS Seismic Procedure 11. Seismometers
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are visited and calibrated every six months, or as needed. A station calibration is deemed acceptable
when the amplitude response of a seismographic system lies within a +30% range of a nominal
response, in the frequency band 2 < f < 10 Hz. In practice, seismographs with Teledyne-Geotech
S13 seismometers generally display responses within +10% of their nominal (theoretical) values
in the frequency band 0.1 < f < 20 Hz during field calibrations. Seismographs with Mark L4C
seismometers generally display responses within +20% of their nominal values in the frequency band
1 < f <10 Hz. Whenever measured responses deviate beyond the prescribed limits, a notation is
made in a log of station calibrations, the field technicians are informed, and maintenence is performed
on the defective component(s). The system is then recalibrated until its amplitude response falls
within the prescribed limits. Calibration results are not currently used to correct or modify amplitude
data scaled from SGBSN seismograms in order to estimate SGB earthquake magnitudes.

An upgrade seismic network, composed primarily of three-component S13 seismographs with
much wider dynamic range than the current network, and digital satellite telemetry, is currently
being deployed in the SGB. This network is expected to provide a more accurate measure of ground
vibrations than the current network.

Preliminary hypocenter determination for SGB earthquakes and explosions

Earthquakes, explosions, and low-coda-frequency seismic phenomena (e.g., some cavity collapses
and some nuclear detonation aftershocks) occurring in the southern Great Basin are located with
HYPOT1, and listed in Appendices A, B, and C, respectively. The SGB velocity models and other
pertinent parameter information are listed in Appendix F. HYPO71 (Lee and Lahr, 1975) employs
several iterative algorithms, some of which perform forward modelling; i.e., ray tracing in a simplified
geologic medium to determine 7', the computed source-to-station travel time. Others perform inverse
modelling, in which a trial hypocenter is assumed at some position, and new solutions are found that
move the trial hypocenter in a direction that reduces the root-mean-square travel-time residual,
RMS. The definition of RMS is,

RMS = sqrt(% Z w,-(To — Tc);z),

where n is the number of phase arrival time readings used in the determination (as discussed below,
approximately 20% of the arrival time picks are not used in the final location), T, is the “observed”
source-to-station travel time (scaled arrival time — computed origin time) and w; is the computed
weight for the tth reading, with ) ; w; = n. Ideally, iterations towards a final solution continue until
no significant reductions in RM S can be achieved by further adjustments. The directions/amplitudes
of adjustments are determined by a Newton-Raphson scheme, known to seismologists as Geiger’s
method. In the absence of “noise” or errors in the velocity model, or in the data, the method is
both fast and accurate. Even in the presence of moderate Gaussian-distributed noise in the data,
the method continues to perform satisfactorily. In the real world, however, pitfalls of the method
are known to exist. One shortcoming of the iterative scheme is that it is apt to converge to a local
minimum of the RMS function, rather than the global minimum, depending on the initial trial
hypocenter, (2o, yo, z0). To partly ameliorate this problem, hypocenters for all earthquakes reported
in Appendix A were relocated using different values of 2o = 0.0,7.0, and 12.0 km below sea level,
respectively, selecting for reporting here the final iterate (zy,yys,2s) having the minimum RMS
residual. In the catalog, immediately following the two letter grades, the hypocenter is tagged with
the letter “Z,” “S,” or “T,” depending on whether the solution having the minimum RMS was
derived from iterations having starting depth of zero km, seven km, or twelve km below sea level,
respectively.

If different final iterates yield the same RMS residual (£0.005 sec), the hypocenter corresponding
to the initial 2o = 7.0 starting depth is selected for publication. This selection process may appear



arbitrary, but statistically, has little effect on the overall depth-of-focus distribution. We define
RMS(k) = RMS|zo = k km, and similarly, depth estimate, z(k), and standard error in depth
estimate, stz(k). We investigated the percentage of hypocenters listed in Appendix A, below, that
were derived from zo = 7 or 12 km iterations, but which also have competing solutions within ~ 10%
of the sampled travel time residual minimum, RMS(0) — RMS(k) < max(0.01, 0.1 min(RMS(k)))
sec, k = 7 or 12 km. For the hypocenters of 1987, 570 hypocenters met this criterion. However, all
but 92 of those 570 had the property that the depth estimate, 2(0), was within one standard error
in depth of the reported depth estimate, |z(k) — 2(0)| < stz(k). Of the remaining 92, 49 competing
depths were within two standard errors, |z(k)—2(0)| < 2stz(k) (case A). The remaining 43 competing
depths were greater than two standard errors from the reported depth of focus, |2(k)—2(0)| > 2stz(k)
(=~ 5% of the catalog, case B). In Appendix A, hypocenters having misleadingly low stz estimates
are flagged by a + sign to the right of stz for case A, or by ++ for case B. This procedure conforms
to the tradition of providing point estimates for hypocenters in preliminary seismicity catalogs,
but explicitly acknowledges cases where depth-of-focus uncertainty is clearly underestimated by
HYPOT71’s standard error statistics.

A more comprehensive solution than that outlined above would describe the volume where the
RMS function (or a similar function) approximately attains its minimum. In general, it is emphat-
ically not the case that the point estimate + one standard deviation is a reliable estimate of that
volume, whether using HYPO71 or any similar least-squares software for hypocenter determination.
One source of “undeserved optimism” regarding error estimates is that their statistical determination
is based on the local behavior of RM S, which in some instances may display a steep-flanked trough
at a depth corresponding to a local minimum, but which may display a broad, featureless minimum
at another competing depth. In other instances the standard error estimate for focal depth may be
unrealistically large, as occurs when the hypocenter locates in the immediate vicinity of the deepest
sampled layer interface in the earth model.

The RMS travel time residual function is multivariate, and algorithmic attempts to minimize
RMS are necessarily performed in lower-dimensional subspaces than its true domain. As a practical
matter, hypocenter determination is performed by fixing many of these variables at “plausible”
values, rather than routinely exploring all “equally likely” alternate values. In particular, RMS is
obviously sensitive to weighting schemes, w;, as well as to velocity model, T,. Weighting of data has
four components, (1) the analyst’s subjective weight assignment at the time of phase data collection,
which is based on the impulsiveness of the arrival, (2) the source-station distance, (3) the azimuthal
quadrant which the source-station ray samples, and (4) the “feedback” residual weight. Weighs
assigned by the analyst are discussed further in YMP-USGS Technical Procedure SP-01, “Procedure
for the preliminary determination of the earthquake hypocenter.” We note here that an S-arrival
weight at a given station is always downweighted relative to the corresponding P-arrival weight,
since the S-wave slowness is greater and would increase its relative influence on the location process
if such downweighting were not performed (see Gomberg and others, 1990, eq. 6). Distance weights,
wy, depend on the model. For all earthquakes that are located using the Yucca Mountain velocity
model, shown in Appendix F, wg = 1 for d < 5 km, and w, linearly decreases with d in the range
5 < d < 90 km. Station arrival time data for stations greater than 90 km from Yucca Mountain
epicenters are automatically zero-weighted. For all other earthquakes in the SGB, wg = 1 for d < 10
km, and wy decreases linearly with d in the range 10 < d < 220 km, and wy = 0 for d > 220 km.
Azimuthal weights attempt to balance the sum of arrival time data weights in each 90° quadrant,
or in each 120° sector if station coverage is very poor. The azimuthal weight algorithm is discussed
in greater detail in Lee and Lahr (1975).

The last weight factor is computed from each station’s travel time residual, (T, — T.);. After
each iteration after the second, the station residual is examined by the algorithm, and if its amplitude
is relatively large, the ith weight is reduced, sometimes to zero. The computed travel time to each



station, T, is the minimum travel time for the direct ray and each of the possible refracted rays, for
the given velocity model, plus any a prior: delay that has been defined for the station.

Therefore, for a given set of arrival time data, there are infinitely many computable RMS
functions, and the determination of the “quality” of a hypocenter is necessarily colored by the
analyst’s choice of station delays, weighting functions, and velocity model (earth parametrization).
For the hypocenters of this report, HYPO?71 assigns two grades to the hypocenter (A through D, never
F!), but neither grade fully accounts for uncertainties in the velocity model or in the station delays,
or for the effects of information censoring performed by the weighting functions. The first grade
focusses on the quality of the hypocenter (low RMS residual, small standard errors of the epicenter
and depth), and the second on the station distribution (number of phases, station azimuthal gap,
distance from source to nearest station). Lee and Lahr (1975) discuss HYPO71’s grading criteria in
detail.

Where crustal velocities are not well known (for example, where velocities differ from the model
velocities by more than 2 percent), primary and secondary wave arrival time data are usually insuf-
ficient to constrain the depth of focus estimate for local earthquakes to lie within approximately one
standard-error-of-depth (as reported in Appendix A) of the true hypocenter (Gomberg and others,
1990). To some extent, this uncertainty is reduced by insuring that accurate P and S arrivals from
a station within one focal depth epicentral distance are available - a condition which is absent for
most data of this report, but which is driving the site selection for the upgrade seismic network,
the deployment of which is presently under way. Although we routinely assign HYPO71’s depth of
focus estimate, 2, to earthquake hypocenters discussed in this report, the true depth should not be
considered known to within one standard error of z unless “DMIN,” the source-to-nearest-station
distance, is less than about 1.4 X z.

Estimated hypocenters for chemical explosions are reported in Appendix B. Many known chem-
ical explosions are located treating depth a free parameter, and the results of some of those experi-
ments are listed in Appendix B. If a blast’s depth is constrained during iteration for its epicenter, the
depth is generally fixed at -1.0 (one km above sea level). The fact that unconstrained depth estimates
for known blasts can exceed ten km below sea level is an indication of poor station coverage and
of problems with the velocity model, especially in the source zone (SGB mining detonations often
occur in low-velocity alluvium, with V,, < 2 km/sec, while V, = 3.8 km/sec in the shallow layer of
the standard SGB velocity model). The fact that earthquake data usually include several secondary
wave arrivals that constrain the depth estimate whereas chemical explosion data usually lack such
arrivals, as well as the probability that the earthquake source zone is better modelled by the simple
layered velocity structure used in hypocenter determination than explosion source zones, imply that
earthquake location accuracy is better than would be indicated by blast location errors reported in
the chemical explosion catalog.

Alternatives to the forward-inverse approach to hypocenter determination have been suggested
in various seismological research articles. A maximum-likelihood approach yielding a more compre-
hensive description of the hypocenter is explored by Gomberg and others (1990). In that approach,
the inverse problem is avoided by computing RMS or an equivalent measure of goodness-of-fit at
all points on a grid that surrounds the true source. The resulting hypocenter is then a “probability
cloud” whose dimensions are determined by requirements of Gaussian distribution of the station
travel time errors. In the interests of conciseness, that approach has not been adopted for data
analysis in this report, although the variation of RMS with constrained depth is examined for a few
hypocenters discussed below.

Can localized velocity anisotropy be inferred from NTS nuclear tests?

Whereas the comparison of true location with the estimated hypocenter of blasts (either chemical
or nuclear device) provides, at best, indirect information about earthquake mislocation in a highly
heterogeneous crust- unless they occur in the same place - the examination of station residuals



when using the true source location, and tracing rays using HYPO71 and the standard velocity
model, provides useful, direct information about crustal rock velocities at shallow depths. This topic
has been investigated for SGBSN P-wave arrival time data from several dozen nuclear device tests
detonated at Pahute Mesa, Rainier Mesa, and Yucca Flat (manuscript in preparation). Although
a complete description of the findings of this investigation is beyond the scope of this data report,
some observations and speculations about their significance both to earth structure and to earthquake
hypocenter determination are discussed below.

Arrival times of compressional waves at southern Great Basin seismic stations from nuclear
device tests at NTS consistently display delay patterns with a strong directional signature or trend.
Here, delay is defined as the difference between the observed arrival time and the theoretical time,
when computed using the standard SGBSN velocity model, which is azimuthally isotropic. This
apparent azimuthal anisotropy is observed to varying degrees in data from all testing regions, Yucca
Flat, Rainier Mesa, and Pahute Mesa. Because seismic network station separation is on the order of
20-30 km, and the distribution of sources is limited, no detailed “tomographic analysis” of the upper
crust is possible; however, the delay patterns are grossly related to known geology and to regional
structural grain (orientation of microfractures, cracks, joints and faults), and to tectonic stresses.

Perhaps the most striking feature of the P-arrival delays for Rainier Mesa (southern Belted
Range) nuclear device test data is their 180°-period azimuthal variation, which has peak-to-peak
amplitude of one second, and appears to be nearly distance-independent for SGBSN station distances,
ranging from 12 to 200 km. Figures 2a and 2b show the delays for Rainier Mesa tests Disko Elm and
Mission Cybar, respectively, plotted as a function of azimuth. Figure 2c shows the “reduced” delays
for the test detonation Disko Elm, plotted against source-to-station distance, where the 180°-period
azimuthal effect, as defined in the next sentence, has been removed. Fitting the Disko Elm delays,
T;, with the function,

Ti(0) = acos®(8; —0g) + b+ ¢,

where 8; is the source-station azimuth for the fth datum, 6y is the “high-speed” azimuth, and ¢; is
the unmodeled component of the ith delay (I2 norm), yields a = —~0.741,b = —.133, and a correlation
coefficient, p, of 0.80 between the data and the function values. The angle g ~ 10° maximizes p
for the P-arrival data of Disko Elm, and lies in the range 10° < #y < 15° for the other Rainier
Mesa tests of Table 1. Furthermore, because P-delays show very weak distance dependence, it is
reasonable to hypothesize that the azimuthal variations are generated in the inner 30 to 50 km of
the source hypocenters (working points), or in a combination of the initial down-going and the final
up-going portions of the raypaths.

Possible physical explanations for these anomalous travel time delays include the presence in
the vicinity of Rainier Mesa of a high-speed body at shallow depth having longitudinal axis trend-
ing at = 8, or stress-induced velocity anisotropy in much of the rock surrounding Rainier Mesa.
The relevance of the stress-induced velocity anisotropy model (Nur, 1971) comes from the obser-
vation that 0y is approximately perpendicular to the direction of average tension of SGBSN focal
mechanism solutions, presented in previous SGB seismicity reports, and below, and to the direc-
tion of least compressive principal stress in the earth’s shallow crust, as determined from a series
of Yucca Mountain hydrofrac experiments (Stock and others, 1985 and 1986). It is possible that
P-wave velocities are being strongly influenced by aligned, propped open, cracks and microcracks in
rock at shallow depths, according to the “extensive dilatancy anisotropy (EDA)” model (see Leary
and others, 1990, for a review of recent seismological investigations on this topic). The possibility
that seismic anisotropy results in significant P-wave velocity variations in the shallow crust of the
southern Great Basin of Nevada is a current area of research.

If EDA is the primary source of the observed travel-time delay patterns from many N'TS nuclear
detonations, an 180° P-wave amplitude modulation effect (not necessarily sinusoidal) should also be
observable in local station seismograms. This potentially diagnostic effect cannot be verified by
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the current SGBSN, since initial P-wave energy from most nuclear tests overdrives the telemetry
electronics. Teleseismic P-wave amplitude modulations with period 180° have been observed from
NTS explosions (Lay and others, 1984), but they were interpreted as radiation from strike slip
tectonic release triggered by the tests. Although investigators are apt to model the propagation
medium as isotropic, “one of the most powerful factors modifying radiation patterns of body waves
in anisotropic media is focusing of energy near velocity maxima and defocusing near velocity minima.
These effects are pronounced even for small anisotropy” (Tsvankin and Chesnokov, 1990, p. 11,330).

Large-scale heterogeneities in rock properties at NTS may also be the primary source of the
strong variation in P-delay with azimuth. Measurements of some dolomite rock velocities from core
samples taken from Rainier Mesa and northern Yucca Flat, NTS, indicate P-velocities approaching
seven km/sec (Carroll and Magner, 1988). Much of the lower carbonate aquifer that extends through
eastern and central NTS is comprised of dolomites and quartzites (Winograd and Thorardson, 1975).
A > 0.6 km thick dolomite section was encountered below a depth of 1.2 km at a borehole near Yucca
Mountain, Nevada (Carr and others, 1986). The geographic extent of the lower carbonate aquifer is
not precisely known. If it is terminated by the volcanic calderas of western NTS, and by an unknown
relatively slow structure east of NTS, the lower carbonate aquifer may act as a high-speed corridor
for seismic rays from Rainier Mesa and western Yucca Flat nuclear device source zones to many
SGBSN stations that lie in sectors at azimuths 15° 4= 15° or 195° £ 15° from those sources. The fact
that the P-wave delays from sources at Pahute Mesa, for example, Alamo delays, plotted in Figure
2d, do not display the same high-speed phase angle, 5, as those from Rainier Mesa tests, suggests
that (1), directions of horizontal principal stresses within Silent Canyon Caldera may be rotated
50° to 60° from those at Rainier Mesa, or (2), structural heterogeneity is the primary source of the
azimuthal variations in travel-time delays.

Table 1. Summary of PDE location parameters for selected nuclear device tests at Rainier Mesa,
1985-1989, having strong azimuthal P-wave delay pattern. Dmin is the approximate epicentral
distance to the nearest reporting SGBSN station, My, is the Berkeley observatory magnitude.

DATE TIME LATITUDE, | LONGITUDE, | Depth Name Mz | Dmin
(UTC) N. W. (km) . (km)
850406 23:15:0.09 37°12.05’ 116°12.43' -1.85 Misty Rain 4.8 11
851009 23:20:0.09 37°12.58' 116°12.61’ -1.85 Diamond Beech | 4.0 10.1
870318 18:28:0.09 37°12.61’ 116°12.52/ -1.85 Middle Note 4.4 10.2
870620 16:00:0.10 37°13.20’ 116°10.67’ -1.74 Mission Ghost 3.5 129
871202 16:30:0.08 37°14.08’ 116°9.80’ -1.65 Mission Cybar 3.5 14
881210 20:30:0.06 37°11.94' 116°12.57’ -1.86 Misty Echo 5.0 17
890914 15:00:0.10 37°14.15' 116°9.77' -1.60 Disko Elm 4.0 13.6

Contour maps of percent horizontal velocity variation from the underlying azimuthally isotropic
model of Figure F1(a) are shown in Appendix C, figures C2, C3, and C4, for SGBSN station P-arrival
delays computed for the NTS tests Alamo (a Silent Canyon Caldera test), Disko Elm, and Kawich
(a Yucca Flat test), respectively. These contour maps show a similar high-speed corridor (the lower
carbonate aquifer?) east of the caldera region of the western NTS, extending north and south of
the NTS. The values of the velocity variation function, AV (z,y), are arrived at by the following
reasoning. Let ¢; be the #th source to station travel time (sec), A; the source to station distance
(km), v; the sth apparent observed horizontal velocity, and u; the sth apparent horizontal velocity
computed by HYPO71 (u; is a function of distance and station elevation). If we assume that the sth
station residual computed by HYPOT1, D;, is the result of unmodeled horizontal velocity variations,
then t; = A;/v; = A;/u; + D;, whence u; = A;v;/(A; — D;v;). The percent velocity variation,



computed at the tth station’s location, is then

AVi(%) = 100 x %% — 100 x =25,
ug %
AV (z,y) is then computed by interpolation/extrapolation of AV; onto a (constant-elevation) grid
over the SGB, and is plotted. Common features in the contour plots of data from different source
regions (Figures C2, C3, and C4) suggest that crustal heterogeneity rather than azimuthal anisotropy
may have a dominant role in the production of observed P-wave delays.

It is difficult to determine the extent of azimuthal velocity anisotropy at shallow to mid-crustal
seismogenic depths because earthquake locations are uncertain, and typical hypocenter algorithms
adjust available free parameters to reduce data/model misfit, thereby obscuring unmodeled proper-
ties of the earth. A theoretical study (Rothman and others, 1974) on the sensitivity of hypocenters
to unmodeled transverse isotropy showed that epicenters will be consistently biased, regardless of
assumed isotropic velocity used, and that depth estimate error varies linearly with fractional error
in average velocity. Using actual SGBSN data, relocating Disko Elm as a hypothetical earthquake,
allowing latitude, longitude, depth of focus, and origin time to readjust freely, HYPOT71’s final solu-
tion using the standard SGBSN velocity model converges to a depth about three km below sea level,
indicating a low model velocity. The station residuals for the free hypocenter continue to show a
faint azimuthal periodicity, but the correlation of delays with T'(#) drops to p = 0.51, from p = 0.80
when fixing the hypocenter at the true working point. It is easy to imagine that if the anisotropy
imprint on arrival time data is not very clear to begin with, what signal there is will be lost by the
typical hypocenter-determining algorithm which uses an azimuthally isotropic velocity model. How-
ever, routinely invoking an azimuthally anisotropic velocity model when determining hypocenters is
not justified until alternate explanations (crustal heterogeneity) for the seismic travel time delays
from NTS nuclear device tests have been fully discounted. One investigation having relevance to
the question of how seismic anisotropy varies with crustal depth concludes that there is no evidence
of shear-wave polarization at depths greater than three to five km (Kaneshima, 1990). Although
that investigation analysed seismograms from events in the Japan volcanic arc, the underlying rock
physics is similar for the SGB, and may imply that EDA effects may be confined to the final upgoing
portions of most source-to-station raypaths for most SGB earthquakes.

Earthquake magnitudes and detection threshold

The SGBSN routinely detects earthquakes having My > 1.5 throughout the southern Great
Basin. This size threshold drops to My, ~ 1.0 in the southern NTS and to M, ~ 0.0 at Yucca Moun-
tain. For the SGB earthquake data listed in Appendix 1, 90% of the hypocenters have My, < 2.2, and
95% have My, < 2.4. Size estimation is done using one or more of the following methods, discussed
in greater detain in YMP-USGS SP-04, “Preliminary determination of earthquake magnitude,” (1),
M}, from horizontal-component amplitude/period data, (2), M-equivalent from vertical-component
amplitude/period data (vertical component amplitudes are multiplied by 1.75 to convert them to
horizontal), (3), M., from fitting an envelope over the decaying S-coda in series of 5-second “win-
dows” that do not contain overdriven amplitudes, (4), Mp from total coda duration, and (5), a ML
“lower bound” from clipped amplitude/period data. Measures (1) through (4) have been discussed
in previous SGB data reports (Rogers and others, 1987). In previous reports, My, was reported as
the average of vertical-component and horizontal-component magnitude estimates; here, the two are
reported separately. Figure 3 is a scattergram of the horizontal-component Mj, estimates (scaled to
the horizontal axis) versus the vertical-component estimates (scaled to the vertical axis) for about 800
randomly selected SGB earthquakes that occurred in the period 1987 through 1989. Least-squares
regression of the y-values on the z-values for the data in Figure 3, constrained to pass through the
origin,

Y = az; + €,
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vertical-component instrument-determined local magnitudes, MY , for a subset of the 1987 through
1989 SGBSN hypocenter data.
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yields a slope @ = 1.00, indicating that the 1.75 factor that is routinely used to convert vertical
amplitudes to “equivalent” horizontal amplitudes is reasonable for SGBSN data, in the sense that,
on average, no bias is thereby introduced.

The fifth magnitude, M, from clipped or overdriven data, is theoretically a lower bound on
magnitude because the clipped amplitude is, by definition, less than the actual amplitude. However,
in practice, this magnitude is not necessarily a lower bound when compared to other My, estimates,
because the clipped My is defined as the maximum of ML (7), where j is an index over all clipped,
scaled, post-S wavelets, whereas the other My estimates are averages of all unclipped scaled data.
Because the earthquake radiation pattern, site conditions, and other geologic variability all contribute
to a large range in reported station magnitudes, we frequently observe that the averages of on-scale
station magnitude estimates are lower than the maximum of the off-scale estimates. Magnitudes
derived from clipped records are provided as a check on My, computed from on-scale records. The
seismic network upgrade will alleviate many of the problems associated with the current network’s
high-gain, limited dynamic range design, including that of most stations’ amplifiers going off-scale
for input signals from SGB earthquakes having My > 3.0.

We are often faced with the apparent paradox of reporting My, from 38-dB horizontal-component
station data that is on the order of one unit higher than M}, from 84-dB, vertical-component station
data, for a given earthquake. Examples of this discrepency are magnitudes for an earthquake on June
17, 1987, 0:00:50 UTC having M = 4.18 and M) = 2.8 and an earthquake on October 28, 1988,
20:02:50 in Gold Flat (Mellan quadrangle) having M = 3.40 and M} = 2.78 (the superscripts refer
to horizontal-component and vertical-component, respectively). Tentatively, the primary reason for
these discrepencies is that the network provides a severely biased sample of on-scale station data from
earthquakes having My > 3.0. In other words, for larger microearthquakes in the SGB, an unbiased
sample of the actual distribution of peak amplitudes of ground motion is not currently available;
only those high-gain stations that sample the relatively low-amplitude tail of the distribution remain
on-scale. Various calibration tests at the low-gain station at Little Skull Mountain and at high-
gain stations run near the amplifier/VCO band edge have revealed no system non-linearity that
might provide an alternate explanation. For a few earthquakes having My > 3.5, only low-gain
horizontal-component station magnitudes are reported, since virtually all of the vertical-component
station amplifiers are overdriven. Examples of such earthquakes are May 26, 1988, 03:56 UTC , for
which M = 4.2, MPRX = 3.9 and MFAS = 3.4, in the Dry Mountain, California, quadrangle, and
January 9, 1989, 05:08 UTC, for which M¥ = 3.5, MNEIC = 3.5, and MEENC = 3.6, 10 miles north
of Las Vegas, Nevada (Gass Peak SW quadrangle). The May 26, 1988 Dry Mountain magnitude
discrepency may be the result of only one SGBSN station, LSMN, providing an on-scale amplitude
for magnitude determination, which is too few for a robust estimate. Also, LSMN generally provides
a magnitude estimate several tenths above that of any other SGBSN station for a given earthquake,
suggesting a local site amplification effect. If so, it is peculiar that the high-gain vertical component
station, LSM, does not display a systematic magnitude bias relative to other vertical-component
SGBSN stations.

The magnitude determination procedure for the SGBSN, in summary, is internally consistent for
earthquakes having M < 3.0. For larger earthquakes, we have to rely on meager on-scale amplitude
data from the SGBSN, which are difficult to calibrate due to the relative rarity of such events, or
on estimates from adjoining seismic networks. For earthquakes having My > 3.9%, the SGBSN
has < 1 on-scale station, and that station displays hints of overestimating magnitude by 0.3 — 0.5
units. Furthermore, the M,, estimate has been calibrated against My for smaller earthquakes,
having My, < 3 (Rogers and others, 1987), but tends to underestimate larger earthquakes. Thus, the
SGBSN magnitude estimates for earthquakes having My > 3 are preliminary and subject to revision
as more data become available. For example, the upgrade seismic network, now being installed in
the SGB, will have sufficient dynamic range to allow us to calibrate the current network’s horizontal-

12



component data against the upgrade network magnitudes.
Overview of local SGB seismicity, 1987 through 1989

In order to distinguish “local” seismicity from “regional” seismicity in this report, the southern
Great Basin is defined as the interior of the region bounded by parallels 35.6° North and 38.5° North,
and meridians 114.5° West and 118.0° West, respectively (definition 1). A more tectonically inspired
definition would place the Sierra Nevada frontal fault as a western boundary, and the Garlock Fault
as a southern boundary of the province (definition 2; see Carr, 1984); a few SGB earthquakes that
are “regional” by definition 1 and local by definition 2 are discussed in this report. The SGBSN
(Figure 1) does not extend to either the tectonic boundaries or to the above map boundaries, and
no claims are advanced as to the completeness of the catalog outside the convex polyhedron with
verteces at the outermost SGBSN stations. In particular, seismic activity in and southwest of the
Panamint Mountains, California, is not routinely located, because the southern California seismic
network covers that region. Also, north of 38.0° North, only one SGBSN station exists (HCR), and
south of 36° North, only two SGBSN stations exist (QSM and EMN), not enough to constrain
locations effectively in their vicinity. Station coverage east of the NTS, from Nellis Air Force Range
to Alamo, Nevada, is also not sufficient to capture low-magnitude earthquakes in that area. With
these limitations, the 1987 through 1989 catalog should be complete to a lower M, bound of 1.5.

Data from “regional” earthquakes that are detected by the SGBSN’s computer are permanently
archived onto magnetic tapes, usually without analysis. These tapes include data from California
earthquakes, including the seismically active Long Valley Caldera and the less-active southern Death
Valley, from central Nevada earthquakes, and from earthquakes in eastern Nevada, western Utah,
and northwestern Arizona. Regional earthquake data are available to and are frequently provided
to seismologists investigating those regions.

SGB seismicity for 1987 is shown in Figure 4. Concentrations of southern Nevada earthquakes
occur at the southern end of the Reveille Range, in the Pahroc Range, in the Pahranagat Shear Zone,
in the Spotted Range (northwest of Indian Springs, Nevada), in the southern NTS (Rock Valley fault
zone, Mercury Valley, Mine Mountain) in the central NTS (Eleana Range), in the northern NTS
(Silent Canyon caldera), at Gold Flat, at Gold Mountain, Slate Ridge, and Mt. Dunfee, and in
the Sylvania Mountains. A concentration of earthquakes near Mina, Nevada, occurred during July
and August, 1987, with mainshock on July 28, at 18:55 UTC, having My, = 4.7 (BRK), coordinates
38.383° North, 118.117° West, 14 km depth (not shown). Concentrations of California earthquakes
occur in the Inyo Mountains, Eureka Valley, Last Chance Range, Grapevine Mountains, and in the
Panamint Range. More diffuse activity occurs in Death Valley. All of these areas were active or
moderately active in previous years (Rogers and others, 1987). Four earthquakes at Yucca Mountain,
Nevada, are discussed in the next section.

SGB seismicity for 1988 is shown in Figure 5. The regions of concentrated seismicity for 1987
mentioned above continued to be active in 1988. Also, a second swarm area 10 km east of the first at
the southern Reveille Range, Nevada, began to show activity in 1988. At Gold Flat, the seismicity
level increased. A north-south trending concentration of microearthquakes in southwest Amargosa
Desert, California, occurred in 1988 and 1989. Strongly felt earthquakes at Boulder City, Nevada,
during the early part of 1988 (discussed below) prompted the installation of a permanent seismic
station, EMN, in the Eldorado Mountains, south of Lake Mead, in August of 1988. Seismicity in the
Eldorado Valley and in southern Lake Mead has been catalogued since that time by the SGBSN. The
largest SGB earthquake for 1988 was a My, = 4.4 earthquake in Owens Valley, California, on July 5,
at 18:18 UTC. Although west of the SGBSN, the earthquake is within the physiographic province,
and is of interest because a magnitude 7.5, MMI=X, earthquake occurred in Owens Valley in 1872
(Beanland and Clark, 1987). A normal-slip focal mechanism for the 1988 Owens Valley earthquake is
shown in Appendix D, Figure D23. At Yucca Mountain, an isolated earthquake occurred on October
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5, 1988 and a small swarm of earthquakes occurred on November 18. Yucca Mountain seismicity is
discussed in sections below.

SGB seismicity for 1989 is shown in Figure 6. Areas of concentrated seismicity for 1987 and
1988 continued to be active in 1989, although Yucca Mountain was seismically quiet. Sarcobatus
Flat, noted for several seismicity swarms in previous years (Rogers and others, 1987), showed renewed
activity in 1989, after being quiet in 1987 and 1988. Bare Mountain, Nevada, had several earthquakes
in 1989. Yucca Flat, NTS, was seismically active, moreso than in the previous two years. Although
the Oasis Valley, the western boundary of volcanic calderas that comprise most of the western N'TS,
was not particularly active in any one calendar year, it does show a north-south trend of epicenters
for the 11-year monitoring period, 1979 through 1989. Figure 7 shows epicenters in the vicinity
of the Oasis Valley for that period, along with the westermost boundaries of major local volcanic
caldera complexes (Christiansen and others, 1977; W. C. Carr, written communication, 1990). An
earthquake on January 9, 1989, 10 miles north of Las Vegas, Nevada, was energetic enough to crack
a few windows in Las Vegas, the only cultural damage reported to the NEIC from SGB earthquakes
during the three-year period, 1987 to 1989. Its focal mechanism is discussed in a section below.

In an attempt to discern whether rates of seismicity are changing significantly with time in
different parts of the SGB, we count the number of earthquakes recorded by the SGBSN in each of
the 384 7% X 7% minute quadrangles contained in the region 114.875°W to 117.875°W, and 36.125°N
to 38.125°N. (To increase legibility in the following figures, data for the outermost subregions of
Figures 8 and 9, for example, those having longitude 117.875°W to 118°W, are not included in
this compilation.) In each such quadrangle, two numbers are printed, the top being the number
of earthquakes recorded in that quadrangle during the period 1987 through 1989, and the bottom
being the number recorded during the previous three-year period, 1984 through 1986 (Harmsen
and Rogers, 1987). A similar map shown in Figure 9 compares those same numbers of recorded
earthquakes in 1987 through 1989 (top number) with those recorded in the period August, 1978
through December, 1983 (bottom number, Rogers and others, 1987). The two periods of seismic
monitoring for which the data of Figure 8 are compared have the same station coverage, detection
threshold, and instrumentation, whereas significant variations in station coverage, etc., occurred
between the two periods compared in Figure 9. Therefore, caution needs to be exercised when
comparing rates of observed seismicity in a given subregion. Also, significant spatial variation in
detection threshold exists over the SGB, as noted earlier, so that comparisons of seismicity rates in
different parts of the SGB should be made with caution.

Some of the most obvious temporal variations in seismicity rates for the data of Figure 8 occur
at the Pahranagat Shear Zone, Nevada (roughly 37.25° North, 115.0° West), in the Reveille Range
(roughly 37.8° North, 116.2° West), in the southern Montezuma Range (roughly 37.6° North, 117.4°
West), at Gold Mountain (roughly 37.25° North, 117.25° West), at various locales within Sarcobatus
Flat, in the Amargosa Desert south of NTS, and at Timber Mountain, which straddles the western
NTS boundary (see figure 1 for locations of physiographic features). In these and other subregions,
clear increases or decreases in rates are evident, suggesting that stable patterns of seismicity or
aseismicity cannot necessarily be determined from a few years of seismic monitoring. This conclusion
is reinforced by comparing the temporal variations evident when comparing the period 1987 through
1989 with 1978 through 1983. The Pahranagat Shear Zone was active during both of the periods,
whereas the Reveille Range was seismically quiet during the earlier period. This quiescence is
not the result of insufficient station coverage, as the SGBSN had a station, RVE, in the Reveille
Range through July, 1981 (Rogers and others, 1987), which was then moved north to HCR, so that
detection threshold in that subregion was comparable for all three periods.

While severa} zones having large temporal seismicity rate variations may be discerned, the ma-
jority of 7% X 7% quadrangles show relative rate stability. For example, within a 50-km radius of
station YMT4, on Yucca Mountain (that station’s location is shown in Figures 8 and 9), temporal
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period, 1984 through 1986 (bottom number in each quadrangle). Alternate rows are shaded to aid
in visual separation of information in adjacent quadrangles.

19



78-83 compared to 87—-89

117.75 117.5 117.25 117 116.75 116.5 116.25 116 115.75 115,5 115.25 115 114.75
I T T T ™V — T T T T | | 38.25

- 37.75

- 37.5

- 37.25

— 36.75

- 36.5

— 36.25

36
118 114.75
25 50 1 qo km V SEISMOGRAPHIC STATION

Figure 9.- Map of SGB region showing, on a 7%' quadrangle scale, the number of earthquakes

recorded by the SGBSN in 1987 through 1989 (top number in each 7%' quadrangle) compared to
number of earthquakes recorded by the SGBSN in the period, August, 1978 through December,
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fluctuations in seismicity rates detected by the SGBSN appear to be relatively modest when com-
paring time periods of at least three years. These observations are purely statistical in nature. If the
region surrounding Yucca Mountain, Nevada, indeed exhibits a more uniform rate of seismic energy
release than many other subregions of the southern Great Basin, a physical mechanism should be
found that explains this phenomenon. In particular, an improved understanding of zones where
distortional strain is accumulating without displaying concomitant rates of microseismicity is needed
to predict where future potentially hazardous earthquakes may occur.

Yucca Mountain seismicity, 1987 through 1989

The SGBSN operates six vertical-component S13 seismometers and two horizontal-component
L4C seismometers at Yucca Mountain, so that microearthquake detection capability is at its max-
imum sensitivity there. Four small earthquakes were detected at Yucca Mountain in 1987, and of
these, two were further analysed to obtain focal mechanisms (data quality was inadequate in the
other cases). Eight earthquakes at Yucca Mountain were recorded in 1988, seven of which were
members of a swarm having total duration 10 minutes; of these, one was large enough to provide a
well-constrained focal mechanism. No Yucca Mountain earthquakes were recorded by the SGBSN in
1989. For the purpose of this catagorization, Yucca Mountain is the interior of the region bounded
by parallels at 36.75° N and 36.93° N, and meridians 116.375° W, and 116.56° W, respectively. This
definition is somewhat arbitrary; the northwest end of Yucca Mountain blends topographically into
the Timber Mountain Caldera, and the rest of Yucca Mountain rises from alluvial flats and washes.
This region includes the Yucca Mountain area geologically mapped by Scott and Bonk (1984).

A Yucca Mountain velocity model, based on interpretations of Hoffmann and Mooney (1984),
and shown in Appendix F, Figure F1(b), is input to HYPOT71 for Yucca Mountain hypocenter de-
termination. The effect of inputting the Yucca Mountain velocity versus inputting the standard
SGB velocity model (shown in Figure F1(a)) on Yucca Mountain hypocenters is small. Figure 10(a)
shows the effect that varying the assumed focal depth has on epicenter (left side) and on RMS (right
side) when HYPOT1 invokes the standard SGB velocity model for the Yucca Mountain earthquake
of June 1, 1987 (Mg = 0.1). Figure 10(b) shows the same effects when the Yucca Mountain velocity
model is invoked. For this arrival time data set, the minimum RMS occurs for hypocenters in
the 5-6 km below sea level range, with min(RMS) = 0.04 sec when using the standard model and
min(RMS) = 0.08 sec when using the Yucca Mountain model. The epicenters at a given depth
derived from the two velocity models differ by about 0.2-0.3 km, which is a reasonable epicentral un-
certainty estimate for Yucca Mountain earthquakes located using SGBSN station data, in agreement
with HYPO71’s standard error estimates. The fact that, in some cases, the Yucca Mountain velocity
model fails to fit Yucca Mountain earthquake arrival time data better than the regional velocity model
suggests that “fine-tuning” of the Yucca Mountain velocity model (for example, determining station
corrections appropriate for that model and for local earthquake sources) may improve hypocenter
estimates (or RMS). Table 2 summarizes Yucca Mountain earthquake location parameters for the
period 1987 through 1989.

Table 2. Summary of preliminary location parameters for earthquakes located at or near Yucca
Mountain, Nevada, for the years 1987 and 1988. “Distance to site” represents the epicentral distance
to the point 36°51’N., 116°27.5’W., near the center of a potential national nuclear waste repository.
Depth is relative to sea-level (0.0 km). Sdx, sdy, and sdz are HYPO71 standard errors in estimates
of hypocentral longitude, latitude, and depth of focus, respectively.
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Figure 10.~(a) Leftside, the distribution of epicenters for various fixed-depth hypocenter solutions for
the Yucca Mountain earthquake of June 1, 1987, 11:03:35 UTC, where all hypocenters are determined
using the standard SGB velocity model (Appendix F, Figure F1(a)). The epicenter symbols are
M 0,1,2 ..., A, B, C, D, E, F, corresponding to depth-constrained hypocenters having z =
-1,0,1,2,...,10,11,12,13,14, 15 km, respectively. The open square symbol at (0,0) is for a free-
depth solution, with starting iterate depth 7 km, and the symbol “Z” is for a free-depth solution
with starting iterate depth O km (at sea level). Right side, the variation in RMS travel time residual
for various fixed-depth and free-depth hypocenters for that earthquake and velocity model. (b) The
same distribution of epicenters (left side) and variation in RMS travel time residual (right side) as
in Figure 10(a), except that here, the Yucca Mountain velocity model (Appendix F, Figure F1(b))
is used in hypocenter determinations.
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DATE TIME LAT., | LONG, | N-Ssdy | E-Wsdx | Depthtsdz | M, Dist. to
(UTC) °N. °W. (km) (km) (km) site (km)
870207 16:04:53 | 36.895 | 116.450 0.2 0.2 7.6+0.3 1.11 5.0
870310 12:51:02 | 36.840 | 116.511 0.1 0.3 3.3+04 0.52 4.8
870601 11:03:35 | 36.894 | 116.469 0.1 0.1 5.3+0.3 0.10 5.0
871031 23:06:59 | 36.755 | 116.532 0.3 04 3.6+1.2 1.14 124
881005 14:14:36 | 36.811 | 116.458 0.2 0.4 2.3+0.4 -0.16 4.3
881118 20:29:36 | 36.924 | 116.558 0.1 0.1 10.7+0.6 1.28 124
881118 20:29:148 | 36.930 | 116.555 0.1 0.1 11.0+0.4 1.87 12.4
881118 20:31:26 | 36.925 | 116.547 0.2 0.2 11.2+0.3 1.21 11.5
881118 20:32:24 | 36.926 | 116.550 0.1 0.1 12.2+0.5 2.08 11.7
881118 20:33:46 | 36.927 | 116.556 0.1 0.1 11.940.5 1.40 12.2
881118 20:35:53 | 36.931 | 116.558 0.1 0.1 10.51+0.5 1.85 12.6
881118 20:39:35 | 36.928 | 116.555 0.1 0.1 11.8+0.4 1.30 12.2

Earthquake data gathered by the SGBSN to the present time indicates that Yucca Mountain
is relatively inactive when compared to other nearby subregions, such as Rock Valley, southern
NTS, Sarcobatus Flat, Oasis Valley, Timber Mountain, and parts of the Amargosa Desert. Bare
Mountain is slightly more active, seismically, than Yucca Mountain. Crater Flat, separating those
two mountains, is seismically quiet. A seismicity map of Yucca Mountain and the surrounding areas
showing all catalogued earthquakes for the period 1979 through 1989 is shown in Figure 11.

Sometimes seismic hazard is estimated by considering the largest magnitude earthquake recorded
in each subzone during a monitoring period. We present preliminary magnitude data to support this
kind of analysis in Appendix A, Figure A5. In that figure a regional map, with Yucca Mountain
at its center, shows the maximum earthquake magnitude (M where available, otherwise Mp or
M,,) recorded by the SGBSN in each 7%’ quadrangle for two periods, (1) August, 1978 through
December, 1986, and (2) 1987 through 1989. (Appendix A, Figure A5). (The location of station
YMT4 near Yucca Crest is shown in Figure A5.) No earthquakes having magnitude > 1.0 have
been detected in the quadrangle containing Yucca Crest, although magnitude 3.0% earthquakes have
been monitored within 50 km of Yucca Crest at Silent Canyon Caldera and at Yucca Flat, NTS,
in the Amargosa Desert, Nevada, and at Sarcobatus Flat, Nevada, during the monitoring period
August, 1978, through December, 1989 (Figure A5).

1988 Boulder City, Nevada swarm

An extended swarm of small earthquakes occurred near Boulder City, Nevada, in 1988. The
largest of the earthquakes felt in the Boulder City area were magnitude (My, USGS NEIC) 3.7,
on February 23 00:48 UTC (February 22, George Washington’s birthday, local time) and on July 4
10:56 UTC (Independence Day). Minor damage to some roof structures at Boulder City was locally
reported following the February 23, 1988, earthquake, with epicenter in the Eldorado Valley (Boulder
City News, July 7, 1988).

Historically, the Boulder City area has been seismically active since the construction of Hoover
Dam and impoundment of Lake Mead in 1935-36 (Carder, 1970). The largest earthquakes (Mg 4.9
to 5.0) occurred between 1939 and 1963. Although there have been several temporary networks
operated at Lake Mead over the years, no permanent network exists.

In order to better evaluate the significance of the 1988 swarm and its relation, if any, to seismicity
induced by the impoundment of Lake Mead, a permanent station, EMIN, was installed in the
Eldorado Mountains south of Lake Mead on August 11, 1988, and a temporary network of portable
seismographs was deployed around the Eldorado Valley and at southern Lake Mead during August
and September. Preliminary results from the analysis of data from this network (M. Meremonte
and C. Langer, written communication) show two areas of microearthquakes, one in the Eldorado
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Valley south of Boulder City and the other northeast of Boulder City in the vicinity of Hoover Dam
(see Figure 12). The earthquakes are relatively shallow (z < 10 km), and focal mechanisms are
consistent with minimum stress (T axis) oriented between east-west and northwest-southeast, with
maximum stress (P axis) ranging from north to northeast for the strike-slip mechanisms to vertical
for the normal faulting events. These mechanisms are similar to those observed elsewhere in the
SGB. Earthquake locations and focal mechanisms are also consistent with the observations of Rogers
and Lee (1976) for the seismic network operated around Lake Mead during 1972-73, who proposed
a physical model for impoundment-induced seismicity based on lower effective normal stresses on
faults resulting from higher fluid pressure. If such a mechanism is still operating more than 50
years since the impoundment of Lake Mead, the recent seismicity may be a response to diffusion of
water pressure into rock containing highly stressed faults. However, the pattern of occasional felt
earthquakes followed by years of relative aseismicity in a locale is commonly observed in much of
the Great Basin, and is not generally associated with reservoirs or with hydrologic cycles. In the
vicinity of Lake Mead, stick-slip behavior may be operating much as it does elsewhere, but at lower
stress levels. Expansion of the SGBSN into the Lake Mead region would provide an answer to the
question of whether the vicinity of Lake Mead continues to be a region of elevated microearthquake
activity.

Earthquake focal mechanisms

For the three year period 1987 through 1989, double-couple focal mechanisms obtained from
thirty SGB earthquakes are discussed. Also, a previously unpublished focal mechanism for a Furnace
Creek/north Tucki Mtn. (Panamint Range, California) earthquake that occurred on March 16,
1982, is included here. Most of the earthquakes are considered because of their relatively large size
(maximum magnitude = 4.4); however, magnitude 0+ earthquakes at Yucca Mountain are analysed
for their possible relevance to site characterization. For most of the focal mechanisms presented,
the strike, dip, and rake of nodal planes are adequately constrained by P-wave polarities alone. For
eight of the mechanisms, including those for three earthquakes at Yucca Mountain, first motions
do not provide sufficient constraint, so vertical-component SV-to-P amplitude ratios, corrected for
path and free-surface effects, are also used to constrain the range of focal mechanism solutions
(Kisslinger and others, 1981 and 1982). The amplitude ratios and P-wave polarities are input into
the computer program focmec.for (Snoke and others, 1984), along with instructions on how densely
to sample the range of possible solutions, and how much data misfit to allow. The program outputs
the set of solutions that satisfy the input criteria and data, and, if the range is sufficiently limited
to be of practical use, the solutions are reported and plotted on an equal-area, lower hemisphere
projection. The plotted subset always includes a solid-line solution (which may be unique, or, if not,
has representative (average) strike and/or dip), and, optionally, one or two dashed-line solutions,
which are shown to indicate the range of strike, dip, and/or rake angles that are consistent with
the input data. The solid-line solution is designated as the primary solution, and the dashed-line
solutions are designated as alternate solutions. Focal mechanism parameters are listed in Table 3,
with indexes from O to 30, corresponding to the numbering in the epicenter/focal mechanism plot
of Figure 13. To avoid crowding, Timber Mountain caldera focal mechanisms are plotted at the
bottom of Figure 13. Individual focal mechanisms, showing the primary solutions of Table 3, and
various alternates, are shown in Appendix D, Figures D1 through D37. The magnitude, Mg, that
is reported for each earthquake is the average of the horizontal-component and vertical-component
magnitudes, where each of those is the average of all on-scale horizontal-component magnitudes
and vertical-component magnitudes, respectively, scaled at SGBSN stations, unless otherwise noted.
“DMIN” is the minimum source to station distance. (Hypocenter parameters reported in Appendix
D may not correspond exactly to those reported in Appendix A. Appendix D hypocenters often are
the product of a more careful analysis of seismic wave arrival times, residuals, and polarities, than
the routine data analysis that results in Appendix A hypocenters. All reported hypocenters and
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Figure 13.— Regional map of SGB showing lower-hemisphere projections of earthquake focal mecha-
nisms indexed to Table 3. Event 0 occurred in 1982, all others {1-30) occurred in the period 1987
through 1989. The focal mechanisms are plotted near the earthquake epicenters, for all events except
those at Timber Mountain (events 8, 19, and 26), which are plotted at the bottom of the map. Two
mechanisms are included for event 10, to show how different interpretations are possible for the same

earthquake first motion data, resulting from different assumed depths of focus.

28



focal mechanism solutions are preliminary.)
Effects of modeling on focal mechanisms

The SGBSN has very sparse station coverage away from Yucca Mountain, with average station
spacing of 20 to 30 km. The main consequence of the limited station coverage is poor resolution of
most earthquakes’ depth-of-focus, when using the standard velocity model and first-arriving P and
S waves to determine the hypocenter. For example, many earthquake arrival time data sets display
nearly equal local RMS travel time residual minima for z ~ 2 km below sea level and z ~ 7 km
below sea level. The effect of varying depth-of-focus on the earthquake focal mechanism is explicitly
examined for many of the data presented here. When deriving focal mechanisms from various
hypocenter solutions, we invoke the same velocity model for ray tracing; therefore, the observed
variations in mechanism for a given earthquake are a consequence only of ray parameters varying
due to different source depths and not to different velocity models. In some instances, the P-wave
polarity data help to prescribe which velocity model is used in hypocenter determination (a good
example is shown in Appendix D, Figure D20; also, see the following paragraph). It should be
noted that changing the velocity model may change the solution set of focal mechanisms, even if
the hypocenter remains the same. For example, ray tracing from a crustal model in which seismic
velocities increase linearly with depth may yield different focal mechanisms than those from data
derived from models in which seismic velocities are fixed within a series of layers with velocity
discontinuities at the interfaces, as we presently use in preliminary hypocenter determination for
SGB earthquakes. This report does not systematically investigate the effect on focal mechanism
parameters of changing the seismic velocity model.

Experience computing earthquake focal mechanisms from SGBSN data indicates that adding
an interface (sometimes referred to as the Conrad discontinuity) somewhere between 12 and 15 km
below sea level, below which V, = 6.5 km/sec, often improves the fit of P-wave polarity data to
focal mechanism nodal plane solutions. This interface has been used for determining hypocenters
and raypaths for many of the earthquakes for which focal mechanisms are presented in this report.
Examples of focal mechanisms which require this interface are shown in Appendix D, Figures D4,
D14, and D20.

In previous SGBSN data reports, the 15 km interface is absent, although another interface,
located 24 km below sea level, below which V,, = 6.9 km/sec, is present in all reports, and may also
be identified as the Conrad discontinuity. RM.S for the vast majority of SGB earthquake hypocenters
is not significantly affected by the presence/absence of the 15 km interface, and therefore cannot be
invoked to justify its inclusion/exclusion. For a very small subclass of hypocenters, namely, those
having depths near the 15 km interface, RMS is sensitive to its presence/absence; an example is
discussed in the section entitled “depth-of-focus distribution and deep-crust intraplate earthquakes.”

Whereas the RMS travel time residual from local earthquake data is not a very sensitive tool
for ascertaining the presence of mid-crustal to deep-crustal layer interfaces, the earthquake focal
mechanism often is, as long as we consider only those mechanisms that arise from pure shear defor-
mation. Unless an active magmatic process or other high-fluid-pressure phenomenon is present, there
is probably no compelling reason to doubt that the microearthquake source can be represented by a
double-couple. Thus, this report takes the position that if quadrantal partitioning of unambiguous
P-wave polarity data from SGB microearthquakes requires the modification of the velocity model,
and if such modification does not degrade RM.S, and does not contradict established models, then
it is more scientifically justifiable to modify the velocity model than to argue that the polarity data
imply other than pure shear source properties.

Independent confirmation of the presence of a strong P-wave velocity gradient or a velocity
discontinuity at some depth between 12 and 15 km below sea level would be helpful. Seismic
refraction is the natural tool for searching for such a discontinuity. Pakiser’s review (1985) of
papers written in the previous three decades that deal with interpretations of seismic refraction
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data in the Basin and Range province suggests that refraction seismologists have divided opinions
on the visibility of P* phase(s) that should arrive from such mid-crustal reflectors, both province-
wide, and more specifically, at NTS. Hoffman and Mooney (1984) observe evidence for a 15 km
interface in an east-west profile across Yucca Mountain, but not in an unreversed profile from a
nuclear device detonation at Pahute Mesa. Ismail and Priestley (1986) also argue that a mid-crustal
layer boundary (12 to 16 km) is present in the vicinity of Yucca Mountain, Nevada, based on their
interpretations of P-arrivals from east-west and north-south profiles. Serpa and others (1988) note “a
prominent zone of reflections at a traveltime of 5+ 1.5 sec (15 km)” in the central Death Valley and
surrounding mountain ranges (p. 1446), which they interpret as either a deep detachment, a zone of
transition between the brittle upper crustal rocks and a ductile lower crust, or as an uplifted rock
horizon originally formed at the base of the crust. In a recent interpretation of combined refraction,
reflection, and gravity data in northwest to central Nevada (about 4° north of the SGB), Catchings
and Mooney (1991) found mid-crustal reflectors at depths ranging from 12 to 18 km, below which
Vp = 6.3 km/sec. These reflectors, which they interpreted as a possible brittle-ductile transition zone
boundary, extended over the length of their survey, 200 to 300 km. In summary, available evidence
appears to either support or not reject the existence of mid-crustal reflector(s) in the SGB.

Representativeness of focal mechanisms in the SGB catalog

Because the focal mechanism solutions presented in Appendix D of this report include data from
only about one percent of the local earthquakes located and catalogued in the period 1987 through
1989, it is difficult to argue that they represent an unbiased and adequate sample of earthquake
sources sufficient to characterize seismic deformation of shallow crust in the SGB. However, insofar
as polarities can be determined for P-arrivals of smaller earthquakes for which focal mechanisms were
not computed, there is a remarkable consistency of azimuthal partitioning of polarities for the vast
majority of SGB earthquakes. For most earthquake source regions in the SGB, first motions of P
rays travelling from the source into the northwest and southeast quadrants are compressional. First
motions of P rays travelling in the interior of the northeast and southwest quadrants are usually
dilatational. Near the edges of these quadrants, the first motions may be compressional or dilata-
tional, depending on whether the seismic slip is predominantly normal or strike slip, respectively. A
significant counterclockwise rotation of this first motion pattern is observed for many earthquakes
in the westernmost part of the southern Great Basin, as is evident from several focal mechanisms
presented in Appendix D, the most pronounced case being for the Owens Valley earthquake of July
5, 1988 (Figure D23). The rotation of the average strain field from the center of the SGB to its
western boundary is further discussed in Rogers and others (1989) and below, in the section “average
directions of P and T and tectonic strain.”

The bulk of SGB earthquake P-arrival data, whether from earthquakes having well-constrained
focal mechanisms, or from smaller earthquakes, tend to support the model of earthquake gener-
ation from uniform regional stresses and deformation processes more than it supports the model
of microearthquakes being a nearly chaotic accomodation to local perturbations of the stress field.
Conceptual models of the strain field in the shallow to mid-crustal rock of the SGB should account
for the consistent patterns of P-wave first motions that are generally observed by the SGBSN for
most SGB earthquakes.

Untypical focal mechanisms and source zones in the SGB

While the azimuthal distribution of P-wave first motions discussed above is likely to be observed
for most SGB shallow-crustal to mid-crustal earthquakes, a few earthquake data sets do not conform
to that pattern. An example of a data set having first motions that are 180° out of phase from the
norm is that of an earthquake on May 30, 1985, at northern NTS (Tippipah Spring quadrangle),
shown in Figure 13 of Harmsen and Rogers (1987). Two focal mechanisms from earthquakes in the
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epicentral vicinity of that May, 1985, earthquake, which occurred in July, 1984, also reported in
Harmsen and Rogers (1987), display typical P-wave azimuthal distributions.

For sources within the Silent Canyon Caldera, in the vicinity of Pahute Mesa underground
nuclear explosions (UNEs), earthquake seismograms from SGBSN stations often exhibit either di-
latational or indeterminate first motions, even in the northwest and southeast quadrants of the focal
hemisphere, indicating the possibility that these initiate predominantly as isotropic, volume-reducing
events rather than as double-couple events. Because of the sparsity of U.S.G.S. seismic station cov-
erage in the vicinity of the Silent Canyon Caldera, the proportion, r : 0 < r < 1, of deformation
at the seismic source that is deviatoric (double-couple) rather than isotropic (spherical) cannot be
determined using P-wave polarity information only; if we assume r = 1, the mechanisms exhibit
approximate 90° rotation of pressure and tension axes from the regional averages. Two examples
of double-couple interpretations for these peculiar Silent Canyon Caldera events are included in
Appendix D, Figures D21 and D31. Another good example of a SCC earthquake having almost
exclusively dilatational first motions is that of September 26, 1987, 22:52:31, listed in Appendix A,
which occurred about 56 hours after the relatively large UNE, Lockney (M, = 5.7). A possible
explanation of such events at SCC is that they are seismic release from the closing of tension cracks
formed during nuclear device tests, or from partial implosion of the cavity. If this is the case, it is
probably true that r << 1 for these SCC events, in which case the double-couple interpretations are
invahd.

Yet another class of events following UNEs (which probably overlaps the class of “dilatational
sources” discussed above) is that of the “low-frequency events.” Seismogram dominant frequencies
for both P-coda and S-coda are significantly lower for these events than those observed in “natu-
ral” earthquake seismograms at comparable source-to-station distances. The remarks about typical
distributions of P-wave first motions and focal mechanism properties therefore do not apply to the
events that are most closely associated, both temporally and spatially, with UNEs. Such post-test
phenomena are probably induced by the tests, and need to be separated both from the earthquake
hypocenter catalog when we estimate rates of regional natural seismic strain, and from the focal
mechanism catalog, when we compute the average direction of extension or other strain parameters.
Most hypocenters of events during the period 1987 through 1989 having coda with lower-than-average
frequency content, whether in the Silent Canyon caldera or elsewhere in the SGB, have been sepa-
rately tagged and listed in Appendix C of this report. In general, because of the large number of such
phenomena, and the noisy, emergent nature of first motions at many stations, no attempt is made
to routinely determine hypocenters for the vast majority of these low-frequency events. However,
their seismograms are all archived onto magnetic tapes to provide a permanent data base for future
research. Of the three NTS nuclear device testing regions, Pahute Mesa, Rainier Mesa, and Yucca
Flat, the most active region with respect to quantity of potentially induced seismicity per test of a
given reported magnitude is Pahute Mesa, and the least-active region is Rainier Mesa.

Inasmuch as low-coda-frequency events have been occasionally recorded in the SGB away from
the NTS, we cannot rule out the possibility that some are not induced by nuclear device tests.
One class of low-coda-frequency seismicity that is definitely natural is that of relatively deep-focus
earthquakes, at the crust-mantle interface, examples of which are discussed in the section, “depth-of-
focus distribution and deep-crust intraplate earthquakes.” If the event’s hypocenter and origin time
strongly suggest that it is not induced by cultural activity, it is included in the earthquake catalog
and listed in Appendix A, regardless of the frequency content of SGBSN seismograms.

Evidence of seismically active detachment faults?

The possibility that detachment faults are seismically active in parts of the SGB has not been
previously documented to the authors’ knowledge. Much of the large-scale extensional tectonics of
the southern Great Basin during the Neogene period is now understood to require a major component
of block movement along gently dipping faults (Wernicke and others, 1988). Therefore, it should
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not be surprising if some of that movement is sufficiently “catastrophic” to result in earthquakes
detectable by the SGBSN. However, under Hamilton’s (1988) model for detachment faulting in the
Death Valley region, detachment faults would originate as moderately-dipping or steeply-dipping
normal fault segments. Fault dips become more gentle through unloading and ductile deformation
of the lower plate, and fault segments may be inactivated as their dip becomes too gentle to permit
further slip. Such fault segments would not be expected to be seismogenic.

All double-couple focal mechanisms have two orthogonal nodal planes. If the inclination or dip
of one of those planes is s 20° or less, that focal mechanism solution provides evidence of a possible
seismically active detachment fault. Without further geological or geophysical information about
deformation in the vicinity of that hypocenter, detachment is one of two possible interpretations,
and not the most likely unless movement on the near-vertical auxiliary plane can be discounted.
No instances are given in this report where we wish to imply that the probability of slip on the
near-vertical auxiliary plane is significantly less than 0.5. However, in addition to the major, if not
dominant, role that shallow-dipping faults must play in the large-scale Neogene extension of the
southern Great Basin, shallow-dipping nodal planes of focal mechanisms are sometimes unavoidably
present in SGBSN data sets. If these shallow dipping nodal planes are not the fault planes, we are
left with vertical slip on very steeply-dipping faults, implied by the auxiliary nodal plane of such
focal mechanisms. Such deformation yields almost no net crustal extension, and provides as many
obstacles to plausibility from a rock-mechanics perspective as does seismic slip on gently dipping
faults.

The first example of a shallow-dipping nodal plane for the focal mechanism solutions computed
for this report is for an earthquake of April 20, 1987, in the Specter Range SW quadrangle (Appendix
D, Figures D5 and D6). This shallow-dipping nodal plane is somewhat “robust,” in the sense that,
for two very different assumed hypocenters, the dip of the plane remains sub-horizontal, although
the angle of slip changes from —90° (normal slip) for the surface focus hypocenter, to 0° (strike
slip) for the six km below sea level hypocenter. Several focal mechanisms presented in this report
have primary or alternate solutions with a nodal plane whose dip is less than 20° (Appendix D,
Figures D7, D11, D17, D19, D20, D33, and D34). For some station geometries relative to SGB
sources, the shallow dipping nodal plane “goes away” by changing the assumed hypocentral depth
(compare Figures D18 and D19, for example). Other cases in which the focal mechanism primary
solution contains a nodal plane whose dip is strongly dependent on the assumed hypocenter depth
are discussed below. These observations are intended to emphasize that for the current SGBSN and
probably for many regional seismographic networks, uncertainties in source properties inferred from
their focal mechanism solutions are frequently substantial.

One possibly important example of a focal mechanism having a shallow-dipping nodal plane
that does not “go away” by depth-of-focus manipulation is that for an earthquake in the Grapevine
Mountains, California (Dry Mountain quadrangle), on May 26, 1988, 03:56:49 UTC. This earthquake
is among the largest of SGB earthquakes recorded by the SGBSN in 1988. Because of its magnitude,
this earthquake’s P-wave polarities are exceptionally clear. The quadrantal distribution of first-
motion P-polarities for SGBSN data does not occur for assumed hypocenters less than about 6-7
km below sea level, i.e., for shallower focus hypocenters, dilatations are hopelessly intermixed with
compressions when plotted on the lower (equivalently, upper) hemisphere around the assumed source.
The distribution of first motions does partition into quadrants of like polarity without significant
inconsistencies for a source with assumed 7 km depth (Appendix D, figure D20), when source-to-
station rays are computed using the velocity model of Appendix F, containing a velocity discontinuity
at 15 km. Supplementary data from the southern California and central California seismic networks
(PAS and MNLO, respectively) were included to help constrain the focal mechanism, which has
a nodal plane dipping 21°. Slip is normal. This example may be among the strongest evidence
yet collected by the SGBSN for possible seismic slip on a shallow-dipping surface. However, this
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plane, if the fault plane, is perhaps too steeply dipping to imply seismic activity on a detachment
surface. Other examples presented in this report have more shallow-dipping nodal planes, but these
are generally less well-constrained than the May 26, 1988 earthquake’s focal mechanism.

Yucca Mountain earthquake focal mechanisms

Three earthquakes at Yucca Mountain are examined to see if it is possible to derive focal
mechanisms; a magnitude 0.4 on March 10, 1987, a magnitude 0.1 on June 1, 1987, and a magnitude
2.1 on November 18, 1988. For each of these, hypocenters were relocated using a flat layer velocity
model having P-wave velocities and layer interfaces that approximately correspond to those found
by Hoffman and Mooney (1984) in a refraction survey of Yucca Mountain. These velocities are
lower near-surface than those of the standard SGB model, with the consequence that seismic rays
traveling to Yucca Mountain stations suffer more refraction towards the vertical than in standard
model paths. The two models’ P and S velocities are plotted as a function of crustal depth in
Appendix F, Figure F1. Because none of the Yucca Mountain earthquakes was large enough to be
adequately constrained by P-wave first motions, SV and P vertical ground vibration amplitude data
were gathered, and had to be corrected for propagation effects to provide SV-to-P amplitude ratios
representative of the source only. These path corrections are dependent on the earthquake’s depth-
of-focus, with greater amplitude corrections necessary for deeper focus hypocenters. The Yucca
Mountain velocity model differs from the “standard” SGB velocity model in the important detail
that all source-to-station rays from SGB crustal earthquakes arriving at Yucca Mountain stations
are incoming at ¢ < ¢, where ¢ is the free-surface angle of incidence, and ¢, is the critical angle.
When ray tracing is performed using the standard SGB velocity model the opposite case is true,
¢ > ¢.. Although this modeling consideration may appear to be of only academic interest, the use
of slow surface-layer velocities results in different focal mechanism interpretations for the extremely
small Yucca Mountain earthquakes than would result when using the standard SGB crustal model
for ray tracing and propagation effect corrections.

The largest recorded Yucca Mountain earthquake (M, = 2.1) from the inception of the SGBSN
in 1978-1979 through 1989 occurred on November 18, 1988, 20:32:24 UTC, at 36.925° North latitude,
116.553° West longitude, and 11 km below sea level depth. The epicenter is about 12 km northwest
of the site of a potential national high-level nuclear waste repository (shown in Figure 11). Focal
mechanism solutions for this earthquake are not sufficiently well constrained from SGBSN P-wave
first motion polarities; thus, (SV/P). amplitude ratios are used to limit the range of solutions.
Seismic energy of the S-coda of the mainshock overdrove the telemetry electronics of all Yucca
Mountain stations. Yucca Mountain station seismograms from a small foreshock, which preceeded
the mainshock by a minute, were scaled to provide amplitude and period data for (SV/P), ratios (this
procedure assumes that the hypocenters and elastic energy radiation patterns of the two earthquakes
are nearly identical). Path corrections having amplitudes several times those of the (SV/P), ratios
were added to remove propagation and free-surface effects (these corrections are sensitive to assumed
incident angle of P and S waves at the free surface, thus to velocity model). If we accept the validity
of these modelling assumptions, the resulting focal mechanism solutions are well-constrained. The
azimuth of T is 276 1+ 3°, its plunge is 18 + 5°; the azimuth of P is 178 - 3°, its plunge is 28 £9°. All
solutions are predominantly strike slip, with some alternate solutions having a component of reverse
slip. Two representative solutions are shown in Appendix D, Figure D28, with the “observed” and
theoretical (SV/P), ratio data for each solution. The tension axes for these solutions trend west,
and are therefore rotated counterclockwise from the average direction of T for SGB focal mechanisms
(see the section, “average directions of P and T and tectonic strain” below). The southwest-trending
nodal plane of the primary solution, if imagined to project to the earth’s surface as a planar fault,
would crop out 3-;- km southeast of the hypocenter, or 8 km northwest of the potential repository’s
location on the crest of Yucca Mountain. Slip on that plane is oblique left-lateral strike slip with
a substantial normal component. No Quaternary faults or lineaments have been mapped in the
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vicinity of that plane’s surface projection (Reheis and Noller, 1990). The northwest-trending nodal
plane has predominantly right-lateral strike-slip motion. If projected to the surface, it would crop
out at Bare Mountain, cutting the trace of the Bare Mountain fault.

Selection of the fault plane for this Yucca Mountain earthquake from the two (solid-line) nodal
planes of Figure D28 is possible based on plausibility arguments taken from rock physics. If the
direction of minimum horizontal compressive stress in the vicinity of the hypocenter of November
18, 1988, is approximately the same as that inferred by Stock and others (1985 and 1986) from
hydraulic fracturing measurements at various Yucca Mountain drillholes, azi(o3) = N60° — 65°W,
then application of the Coulomb-Mohr failure criterion to the two nodal planes of the primary
solution of Figure D28 selects the northeast- southwest trending plane as the fault plane. In other
words, when considering the ratio of applied shear stress, 7,,, to effective normal stress, o,,, on each
nodal plane, the condition

|Tay| = 0.70,

occurs when the fault normal direction, fi = ¥, where ¥ is the normal to the northeast-southwest
trending nodal plane, but not when ## = X, where X is the normal to the other nodal plane
(see Figure D28). Here, in order to satisfy the Coulomb-Mohr criterion using a plausible friction
coefficient, u = 0.7, it is assumed that the ratio of effective maximum principal compressive stress,
to effective minimum principal compressive stress, %;‘:—f:f, is approximately four in the vicinity of
the hypocenter. P, is the local fluid pore pressure. To satisfy another plausibility criterion, that
the direction of slip on the fault plane equals the direction of maximum shear stress on that plane,
the amplitude of the intermediate principal compressive stress, o2, is considered a free parameter
(in the range 03 < 03 < 03). This Coulomb-Mohr analysis also suggests that o, is oriented sub-
horizontally at the hypocenter, a conclusion that would also be valid if the alternate (dashed-line)
nodal planes of Figure D28 had been considered. (Harmsen and Rogers (1986) discuss this process of
fault plane selection from rock physics considerations in greater detail.) The dip of the inferred fault
plane of the primary solution, 74°, is probably too great for that plane to correspond to Quaternary
faults on Yucca Mountain having similar trend, mapped by Scott and Bonk (1984), who state that
faults at Yucca Mountain that dip approximately 70° at the surface and display a “major dip slip
displacement” tend to flatten somewhat with depth, with 60° dip at depth > one km.

The other two focal mechanisms for Yucca Mountain earthquakes occurring in 1987 were for
earthquakes that, anywhere else in the SGB, would have been considered far too small to investigate
(ML, = 0.4 on March 10, 1987, and M}, = 0.1 on June 1, 1987). The March 10 earthquake, with a
focal depth of 3.1 km below sea level, has a well-constrained focal mechanism from six polarities and
four ratios, if we require a very close fit between all theoretical and “observed” ratios (maximum
difference between logrithms = 0.15). The resulting mechanism is predominantly strike slip, with
substantial normal component, on either a north-northwest trending nodal plane or on a west-
southwest trending nodal plane. The north-northwest striking nodal plane dips east at about 66°,
and the west-southwest striking nodal plane dips northwest at about 55°. Mapped Quaternary faults
in the vicinity of the epicenter, such as the Solitario Canyon fault and the Windy Wash fault, trend
north, with gentle undulations. Most of the mapped faults on the west side of Yucca Mountain dip
to the west, perhaps forming a headwall complex for the Bare Mountain detachment fault, most
active 12.5 million years BP (Scott and Whitney, 1987). Because of its dip, the focal mechanism’s
north-south nodal plane does not appear to be related to remanent activity of that system. The
auxiliary nodal plane’s strike does not correspond to any mapped fault orientations in the vicinity
of the epicenter. The orientation of the tension axis, with azimuth N68°W, approximately coincides
with the direction of inferred minimum horizontal compressive stress at Yucca Mountain (Stock and
others, 1985 and 1986). Because constraint on the range of focal mechanism solutions is achieved
by closely fitting four (SV/P), amplitude ratios (implying that many assumptions about the earth
model are valid for this data set), our confidence in these focal mechanism parameters is relatively
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“low.”

The set of plausible focal mechanisms for the My, = 0.1 earthquake of June 1, 1987, with depth
of 5.9 km below sea level, is not well constrained even when four amplitude ratio data supplement the
five unambiguous P-wave polarities. A strike-slip focal mechanism solution, shown in Appendix D,
Figure D7, has only marginally better amplitude ratio fit than an alternate normal-slip mechanism
(RMS ratio error = 0.180 versus 0.197) when all “observed” ratios are required to have amplitudes
within a factor of two of theoretical values. One of the nodal planes of the normal-slip mechanism dips
about 10 degrees to the east, which, if the fault plane, is an example of a possible active detachment
fault at Yucca Mountain. If the strike-slip solution is correct, the north-northwest trending nodal
plane agrees in strike and dip with the Solitario Canyon fault, but not with mapped sense of slip.
The T-axis for the strike slip solution also trends parallel to the direction of minimum horizontal
compressive stress as determined from hydrofrac measurements at Yucca Mountain drillholes (Stock
and others, 1985 and 1986).

In summary, focal mechanism solutions for Yucca Mountain, Nevada, earthquakes detected
through 1989 are poorly to, at best, moderately well constrained when only P-wave polarities are
used in their determination. This lack of constraint is the direct result of the inability of most SGBSN
sensors to detect first motions, due to the very small size of Yucca Mountain earthquakes recorded
through 1989. While supplementing polarity data with (SV/P), amplitude ratios is sometimes, but
not always, able to constrain the solution set to a narrow, geologically plausible, range, the ratio
method borrows heavily on hard-to-validate assumptions. A better understanding of seismic slip at
Yucca Mountain and vicinity requires that we improve seismographic coverage there, a project that
is currently underway by YMP-USGS.

While we have attempted to relate the microseismicity at Yucca Mountain to relatively major
mapped Quaternary faults there, it is probable that much of the SGBSN’s monitoring is recording
activity on secondary structures, such as Riedel shears; thus, correlation of focal mechanism param-
eters with major faults may be expected to be low. A second caveat may be in order. The shallow
(£ 1.5 km below surface) hydrofrac determinations of minimum compressive stress that were invoked
to determine the fault plane for the Yucca Mountain earthquake of November 18, 1988 (Appendix
D, figure D28) may not be appropriate for seismogenic depths. Such factors as topographic influ-
ence on the crustal stress field (Swolfs and others, 1988) or a detachment surface may not justify
extrapolation of those hydrofrac measurements to depths corresponding to earthquake hypocenters
considered in this section.

Reverse-slip focal mechanisms and compressional tectonism in the SGB

Tucki Mountain and the Panamint Range, California, may have moved = 125 £ 7 km in the
direction N65 +7°W from the Nopah block during the Neogene period (Wernicke and others, 1988),
and may therefore be expected to display significant seismicity if this extensional process is still
active. Prominent reverse-slip faults have been observed at Tucki Mountain (Wernicke and others,
1988). The mainshock of a short-lived Tucki Mountain series of earthquakes in March, 1982, reported
in Rogers and others (1987), provides sufficient P-wave polarity data from the SGBSN and from the
southern California seismic network (PAS) to yield a well-constrained focal mechanism (Appendix
D, Figure D1). The focal mechanism of the earthquake (MFAS = 3.4) has east-west trending and
northwest-southeast trending nodal planes, each with oblique reverse slip. The mainshock’s epicenter
is at the northernmost end of Tucki Mountain (Panamint Range), about 25 km northwest of the
northern end of the north-trending, right-lateral strike-slip Death Valley fault, and about 12 km
southwest of the northwest-trending right-lateral Furnace Creek fault zone.

Although well-constrained oblique-reverse-slip focal mechanisms are extremely uncommon in
the southern Great Basin, “most ‘strike-skip’ faults ... are associated with an assemblage of related
structures including both normal and reverse faults” (Christie-Blick and Biddle, 1985, p. 1). The
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deformation implied by the March, 1982, Tucki Mountain mainshock may be the result of compres-
sional strain west of the junction of the Death Valley and Furnace Creek fault zones in the manner
predicted by laboratory-scale photoelastic models of segmented faults (see Freund, 1974, his figure
27).

Compressional tectonism is of some interest to site characterization, because of its potential to
interact with the hydrologic subsystem. No unequivocal, predominantly reverse-slip focal mechanism
solutions have been determined from SGBSN data for earthquakes within 70 km of Yucca Mountain
to the present date. One oblique reverse-slip mechanism for a small earthquake (My = 1.7) in
the Tippipah Spring quadrangle, also mentioned above in the section “unusual mechanisms,” has
epicenter 35 km northeast of a central point (coordinates 36°51'N, —116°27.5W) on Yucca Mountain
(Harmsen and Rogers, 1987). That solution has one glaring polarity inconsistency, so our confidence
in the solution is low.

Focal mechanisms of other notable SGB earthquakes, 1987 to 1989

The October 2, 1987, 11:11 UTC, magnitude 3.4 earthquake in the Papoose Lake SE quadrangle
(Table 3, Index 9) yields focal mechanisms that vary significantly as a function of assumed depth-of-
focus. The nearest station is over 27 km from the epicenter, so depth resolution is necessarily poor.
In Appendix D, two mechanisms are presented, one for an assumed five km below sea level focus
shown in Figure D11, and the other for an assumed 11 km below sea level focus shown in Figure
D12. RMS travel time residuals are of little help in narrowing down the hypocenter, being 0.19 sec
for the shallower-focus solution and 0.20 sec for the deeper-focus solution when using the standard
SGB crustal model. Both hypocenters’ focal mechanisms possess a northwest-dipping and southeast-
dipping nodal plane. The southeast-dipping nodal plane for the shallower-focus hypocenter dips at
about 14 degrees, providing another example of a possible seismically active detachment fault. The
northwest-dipping nodal planes for both solutions dip steeply, and are oriented favorably for normal
slip if the extensional direction is north-northwest in the vicinity of the hypocenter. The earthquake
was somewhat unusual in that only two other hypocenters were observed in its vicinity over the next
month, an unusually low level of concomitant seismicity for an earthquake of its magnitude.

Focal mechanisms for a M, = 2.0 Yucca Flat earthquake on February 7, 1988, (Table 3, Index
14) show strong dependence of strike, dip, and rake on assumed depth of focus. When treated as
a surface-focus event, the focal mechanism indicates oblique slip on a steeply-dipping north-south
fault (Yucca Fault?), or strike slip on an east-west oriented fault (Figure D18). When treated as
a deeper-focus event, five km below sea level, the focal mechanism includes a 5° northwest dipping
nodal plane, with strike-slip motion, and a northwest-oriented vertical nodal plane with vertical
motion (Figure D19). The possibility of a seismic detachment fault thus reappears, although this
example suffers from a poorer data fit to the velocity model, with RMS travel time residual = 0.20
seconds for the deeper hypocenter, versus 0.14 seconds for the surface-focus hypocenter. A graph
of how the RMS travel time residual varies as a function of depth-of-focus when using HYPO71 to
determine the hypocenter of this Yucca Flat earthquake is shown in Figure 14. The surface-focus
solution is not particularly satisfying to many seismologists, who believe that ultra-shallow rock is
generally not strong enough to store sufficient distortional strain energy for magnitude 2 earthquake
generation. Thus, the relatively large travel time residual for the deeper focus solution may be more
the result of an inadequate velocity model for this earthquake’s arrival time data set than of an
intrinsically poorer depth-of-focus estimate.

The Reveille Peak quadrangle earthquake of October 28, 1987, 17:25 UTC (Table 3, Index 10),
is one of the larger (M = 2.8) of a few hundred earthquakes observed in a few km zone at the
southern end of the Reveille Range from 1986 through 1989. The nearest seismic station to this
series, QCS, is about 21 km east, so depth of focus is poorly resolved for these earthquakes. A
rangefront fault on the west side of the Reveille Range may be active in the Quaternary, and may be
associated with this long-running series. Focal mechanisms were computed for a near sea level focus,
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Figure 14.— Left side: epicentral scatter for various fixed depth and free depth HYPOT71 hypocenters
for a Yucca Flat earthquake of February 7, 1988, 16:47 UTC. The symbols correspond to the fixed
depth hypocenters: M,0,1,2,..., A,B,C,D,E, and F for depths = -1,0,1,2,...,10,11,12,13,14, and 15
km below sea level. The open square is for the free depth solution, with starting iterate depth 7
km, and the Z is for the free depth solution with starting iterate depth 0 km (at sea level). Right
side: The RMS travel time residual for the various fixed depth and free depth solutions for the same
event. The letters above the fixed depth solutions, and below the free depth solutions, are HYPO71
“grades” assigned during the process of hypocenter determination. This plot shows a small variation
in RMS for many shallow depth estimates, a pattern that is often present for SGB data sets where
the nearest station is relatively distant from the epicenter.
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and for a 5.7 km below sea level focus. The shallower-focus focal mechanism solutions, shown in
Figure D13, indicate right-lateral strike slip on a steeply dipping north-trending fault, or left-lateral
strike slip on a steeply dipping west-trending fault. The deeper-focus focal mechanisms shown in
Figure D14, are less well constrained, but all solutions have a significant component of reverse slip
on northwest-trending nodal planes, and a steeply plunging tension axis. Another earthquake in the
southern Reveille Range series, occurring on August 30, 1988, at 2:30 UTC, has an oblique normal-
slip strike-slip solution for a fixed-depth hypocenter at five km below sea-level, shown in Figure D36
(Table 3, Index 20). The near-surface layer velocities used for hypocenter determination were two
to 25% faster than those of the standard model, based on observed negative travel-time residuals for
stations north of Yucca Flat and Rainier Mesa nuclear device tests, relative to the standard velocity
model.

A strike-slip earthquake occurred on January 9, 1989, 05:08 UTC, with epicenter about 10%
miles (17 km) north of Las Vegas, Nevada (Valley quadrangle), where it was strongly felt (M =
3.5; MNEIC = 3.5; MMI= V to VI, Carl Stover, written communication). This is the only SGB
earthquake during the 1987-1989 period for which property damage was reported to the National
Earthquake Information Center (NEIC), although damage was slight (cracked windows). The focal
mechanism solutions shown in Appendix D, Figure D29 and D30, indicate right-lateral strike slip
on a steeply dipping north-trending fault, or left-lateral strike slip on a west-trending fault. The
epicenter is in an alluvial valley at the base of the south flank of Gass Peak, with no immediately
obvious fault to identify as the source. The inferred Las Vegas Valley fault strikes west-northwest
in the vicinity of the epicenter, but SGBSN first-motion data do not fit the local trend of that
fault. Variations in assumed focal depth for this earthquake have little effect on the focal mechanism
solutions. For example, the angle of slip on the east-west nodal plane is 0° +-15° for a seven km below
sea level hypocenter; it is 7° - 8° for the four km below sea level hypocenter shown in Figure D29; it
is —5° & 3° for solutions derived from a hypocenter at sea level, shown in Figure D30 (0° represents
horizontal block movement). This earthquake is one of the few observed for the 1987 through 1989
period for which the regional SGBSN network P-wave polarities provide a fairly well-constrained set
of focal mechanisms, relatively independent of assumed hypocentral depth.

In this section, focal mechanism solutions for four SGB earthquakes that occurred between
1987 and 1989, all having magnitude > 2.0, have been discussed, with emphasis on the variety of
solutions that result by changing the assumed hypocentral depth. In only one case, that of the
January, 1989, earthquake north of Las Vegas, Nevada, was the focal mechanism solution set not
strongly affected by changing the assumed earthquake depth of focus by a few km. In some cases,
depth uncertainty translates primarily to nodal plane dip-angle uncertainty, and seismically active
detachment faults become possible source interpretations. In some cases, predominantly strike slip
solutions change to predominantly reverse slip solutions by increasing the assumed depth of focus.
Although the earthquakes for which these ambiguous source interpretations are > 50 km distant
from Yucca Mountain, they are often the mainshocks of relatively important earthquake clusters.
These observations point to the need to put temporary portable networks over seismically active
spots in the SGB if we wish to better understand seismotectonic processes in the region surrounding
a potential national nuclear waste repository at the Yucca Mountain site.

Average directions of P and T and tectonic strain

When considered collectively, the focal mechanisms for SGB earthquakes provide a fairly consis-
tent descriptor of certain components of the regional tectonic strain tensor at shallow to mid-crustal
depths. Figure 15 is a plot of the thirty pressure axes (P or P) and tension axes (T or T') for the
1987-1989 mechanism primary solutions listed in Table 3. The pressure axes form a girdle or belt
through the hemisphere, and the tension axes cluster in the northwest and southeast quadrants, with
relatively small plunge angles. When using Watson’s eigenvalue/eigenvector analysis of directional
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data on the sphere (Schuenemeyer and others, 1972), we obtain an average tension direction, azi(T),
of N59°W, with plunge 2.8°, for the data of Table 2. (Each datum was weighed equally, regardless
of earthquake magnitude or degree of constraint on mechanism parameters.) When excluding the
Silent Canyon caldera focal mechanisms, whose sources may be induced by nuclear device tests, the
azimuth of avg(T)— N55°W, with plunge 2.8°. Figure 16 is a plot of the pressure and tension axes
for previously published SGB earthquake focal mechanism data for the period 1979-1986 (Rogers and

others, 1987, and Harmsen and Rogers, 1987). For these earlier data, azl(f) =N57°W, with plunge
= 2.0°. The distributions are very comparable. The average T-axis is the seismically determined
direction of average minimum principal compressional strain within the seismogenic crust, and is
sometimes taken as an approximation to the direction of minimum principal compressional tectonic
stress. Furthermore, the avg(T) azimuth corresponds remarkably well with the direction of net Great
Basin extension as determined from space geodesy and neotectonic constraints, N56=+ 10°W (Minster
and Jordan, 1987).

The focal mechanism avg(T) is rotated about 15° clockwise from the direction of net Neogene
extension from the Las Vegas fault system to the Death Valley fault system, as geologically deter-
mined, N73 + 12°W (Wernicke and others, 1988), although the significance of this observation is not
known.

Focal mechanisms provide relatively cheap indicators of tectonic stress parameters, but because
of the multiple uncertainties in depth of focus, focal mechanism strike, dip, and slip, the particular
mechanics of each fault (strength, friction, fluid pore pressures in fault zone, fault interactions), and
the variability of the stress tensor with position due to crustal heterogeneity, there is no mathe-
matically well-defined mapping between focal mechanism data and the crustal stress tensor. The
majority of SGB focal mechanism solutions computed to the present date certainly conform to the
model of a highly stressed shallow crust (earthquakes are triggered by many NTS nuclear device
tests) in which the horizontal stress in the northwest to west-northwest direction is substantially
reduced, releasing gravitational energy through normal faulting events on northeast trending faults
and releasing horizontal strain energy through strike slip motion on steeply dipping, generally north-
trending, faults. The mechanics permitting seismic slip on sub-horizontal (detachment) faults does
not fit this conventional model.

Some of the earthquake focal mechanisms whose T axes differs markedly from the average
T may be called “outliers.” Outliers include (1), events with oblique to near-vertical T plunge
angle, and (2), events with T's azimuth rotated significantly from the northwest-southeast direction.
An example of an event having a 50°-plunging tension axis is the Furnace Creek eathquake of
March 16, 1982, discussed briefly in an earlier section. Examples of events with obliquely inclined
T (ie., plunge(ff) ~s 45°) are discussed in the section on possible active detachment faults, above.
Examples of events having rotated azl(T) include the Yucca Mountain mechanism for earthquakes
on October 18, 1988, two Silent Canyon Caldera earthquakes discussed above, and the composite
Timber Mountain mechanism for earthquakes on July 3, 1988 and July 24, 1988 shown in Appendix
D, Figure D24. The focal mechanism for the Owens Valley earthquake of July 5, 1988, shown in
Flgure D23, has az1(T)— N105°W (longitude 118.05° W), and that of the Dry Mounta.m quadrangle
earthquake of May 26, 1988, shown in Figure D20, has azi(T)= N83°W (longitude 117.71° W),
providing evidence for the possible counterclockwise rotation of the direction of minimum crustal
compression at the western edge of the SGB, in the vicinity of the Sierra Nevada block boundary,
relative to the central SGB. Another southwest SGB hypocenter with a focal mechanism having
azi(if') ~ east-west is that for the Stovepipe Wells quadrangle earthquake of July 8, 1986, 03:02
UTC (Harmsen and Rogers, 1987). The northwest-southeast orientation of the Furnace Creek fault,
northern Death Valley, California, may be favorable for right-lateral strike slip if the extensional
direction is more east-west than would be suggested by the average strain tensor for SGB earthquakes,
and if north-south crustal compression is sufficiently great in its vicinity. Very extensive sets of focal
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SGB earthquakes 1987-1989
® P axis
O T axis

Figure 15.— Lower-hemisphere projection of pressure (P) and tension (T) axes for the earthquake
focal mechanism primary solutions presented in this report for data in the period 1987 through
1989. Dashed rings are shown at inclinations of 25°, 45°; and 65° to indicate the relative mix of
predominantly strike-slip, oblique slip, and normal slip focal mechanisms, respectively. Horizontal
projections of average values of P and T, computed from Watson statistics, are plotted as tabs.
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Figure 16.— Lower-hemisphere projection of P and T axes, and their averages, for SGB earthquake
data of the period 1979 through 1986. Dashed rings are as in Figure 15.
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mechanism solutions (hundreds) have been determined for the seismically active Mammoth Lakes,
Round Valley, Chalfant Valley, and Mono-Walker Lake regions, as well as for central Nevada, and
are used to infer crustal stress tensor rotation from central Nevada (= 39.5° N, 118° W) to the Sierra
Nevada rangefront (= 37.5° N, 118.8° W) (Vetter, 1990). A clear counterclockwise rotation of o3,
the minimum principal compressive stress, is evident from the Central Nevada Seismic Zone, where
the inferred 03 azimuth is approximately N50°W (plunge negligible), to Mammoth Lakes, where the
inferred o3 azimuth is approximately N100°W (plunge negligible) (Vetter, 1990).

Depth-of-focus distribution and deep-crust intraplate earthquakes

A widely-held view on the depth distribution of earthquakes in the Great Basin is that depths
should be confined to the upper 15 km or so of crustal rock, with local variations based on higher-
than-average or lower-than-average heat flow, different lithologies, and strain rates (Smith and
Bruhn, 1984). The vicinity of 15 km depth is frequently termed the brittle-ductile transition zone.
The SGBSN hypocenter catalog generally conforms to this model, in that less than two percent of the
reported earthquake hypocenters for the 1987-1989 period have estimated depths, z, greater than 15
km below sea level. This property generally holds for depth distributions in other parts of the Great
Basin where hypocenter data are available, with the exception of the Truckee, California, region,
where depths of focus often lie between 15 and 20 km (Rogers and others, 1989). Figure 17 shows the
frequency distribution of depth-of-focus of a subset of earthquake hypocenters from Appendix A of
this report having the properties that the minimum source to station distance < 10 km, the standard
error in depth, err, < 5 km, and the HYPO71 average grade (Avg(Q1,Q2) in Appendix A listing) is
C or better. Although these restrictions are not enough to insure well-constrained hypocenters, they
reduce the population from N a 3300 to N = 851, and therefore result in a sample of what may
be the best-constrained quartile of the population of 1987 through 1989 SGB hypocenters. Figure
17(a) shows a bargraph of the counts of such events in each 1-km interval, from one km above sea
level to 20 km below sea level. Figure 17(b) shows the probability distribution of depth of focus for
that sample, where cumulative probability within each interval is assigned by assuming that “depth”
for the sth hypocenter is a normally and independently distributed random varible, with mean z2;
and standard deviation err,,, respectively. The values 2; and err,; are the depth and standard error
in depth, as reported in Appendix A. Also, the tails of the normal distributions are truncated at
one km above sea level and 20 km below sea level, and any remaining area under the probability
curves beyond those limits is accumulated into those extreme intervals. (A more realistic probability
density function would, of course, have finite tails, with limits corresponding to the bounds of the
seismogenic crust.) The distributions of Figure 17 are comparable to those reported in previous
SGBSN data reports (Rogers and others, 1987, and Harmsen and Rogers, 1987). Although the “fine
structure” of the distributions may be more a function of the location algorithm and velocity model
than of any fundamental property of the earth’s seismogenic crust, the main feature, a rapid tapering
off of seismic activity at depth > 12 km, is probably real.

Of the relatively deep-focus hypocenter solutions for earthquakes in the SGB, very few depths are
in the relatively well-constrained upper quartile as defined in the preceeding paragraph, the typical
deep hypocenter being from a data set having a source-station gap > 180° and the nearest station
> 25 km from the source. A very small subset of the deep-crust hypocenters is well-located, having
both primary and secondary arrivals available at a station within 15 km of the epicenter, relatively
low RMS residual, reasonable Vp/Vs ratio, and < 180° gap in station azimuthal coverage. The
Vp [Vs ratio is the ratio of primary to secondary wave velocity, as inferred from P-wave and S-wave
arrival times at recording stations. For the period 1987 to 1989, the deepest hypocenter meeting
all of these criteria is that of a magnitude one earthquake on August 21, 1989, 16:17:45 UTC, in
the Halfpint Range, eastern NTS (Paiute Ridge quadrangle). The hypocenter is about 30 km below
sea level, at a depth corresponding to the crust-mantle interface. Seismograms from the 12 nearest
SGBSN stations that recorded this earthquake are displayed in Figure 18, with their corresponding P
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Figure 17.— Depth of focus distribution of the best-constrained upper quartile of SGBSN hypocenters
for the period 1987 through 1989 (see text for definition of “best-constrained”). (a) Graph of counts
of events versus focal depth, in one km intervals. (b) Graph of probability that an event occurs
within a given one-km interval in the depth range —1 < z < 20 km, where negative depths are
understood to be above sea level (see text for discussion of how probabilities are determined).
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Figure 19.— Left side, epicentral scatter, and right side, behavior of RMS function, as a function
of assumed depth of focus for HYPO71 hypocenters for an eastern NTS deep-crustal earthquake
of August 21, 1989, 16:17 UTC. The symbols in the epicenter plot, M, 0,1,2,..., A,B,C,D,E,F now
represent fixed-depth epicenters for solutions having depth 15, 16, 17, 18. .., 26, 27, 28, 29, 30, and
31 km below sea level, respectively. The open square, arbitrarily plotted at (0,0), is the epicenter
for a free-depth solution, with initial iterate depth 7 km, and the “Z” symbol is the epicenter for a
free-depth solution with initial iterate depth O km. All epicenters are plotted relative to the position
of the square
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Figure 20.— Left side, epicentral scatter and right side, behavior of RMS as a function of fixed-depth
and free-depth HYPOT71 solutions, with symbols having same meanings as in Figures 10 and 14, for
an earthquake north of Las Vegas, Nevada, on December 31, 1987 8:12 UTC having probable depth
of focus near the brittle-ductile transition. (a) Hypocenters derived using a model with no interface
at 15 km below sea level, V, = 6.15 km/sec between 3 and 24 km below sea level, (b) Hypocenters
derived using a model with an interface at 15 km below sea level, V,, = 6.5 km/sec below that
interface (see Figure F1(a) for the velocity model). This figure shows that in some instances, the

15 km interface, or the relatively high velocity below that interface, is not well supported by arrival

tiine data.

46



In summary, deep crustal earthquakes in the SGB are both rare and small (maximum magni-
tude = 1). Data quality of those earthquakes’ seismograms is poor, probably due in part to peculiar
source properties and to relatively high P-wave and S-wave attenuation (low Q) of rock at mid-
crustal to deep-crustal depths. To depths of about 15 km below sea level, SGB microearthquakes
yield seismograms that contain relatively high energy content in the 5-10 Hz range, whereas seis-
mograms of microearthquakes originating at greater depths are depleted in those frequencies. Focal
mechanism solutions have not been attempted for the data of deep-crustal SGB earthquakes, due to
the ambiguity of P-wave onsets at SGBSN stations.

Conclusions

e Although epicentral constraint on most SGB earthquake locations is fairly good (probable epi-
central error < 1 km), hypocenter (depth-of-focus) constraint is often poor (uncertainty in depth
frequently on the order of 5 km). A more accurate velocity model could reduce depth uncertainty, but
in its absence, and given the high degree of structural variability of SGB rock, a denser seismographic
network is necessary.

e An important consequence of depth-of-focus uncertainty is that focal mechanism solutions, even
if well-constrained for a given assumed depth, sometimes vary significantly with changes in depth.
However, some SGB focal mechanism parameters, especially the azimuth of the tension axis, are
relatively stable or “robust” for those different solutions.

e Deep-crustal earthquakes in the SGB are rare (less than 2% of the total hypocenters) but not non-
existent. Their presence at the crust-mantle interface (= 32 km) provides an intriguing geophysical
problem in a high heat-flow region.

e SGB earthquake focal mechanism solutions are generally strike-slip, oblique slip, or normal-slip,
in roughly equal proportions, with tension axes clustering in the northwest-southeast quadrants,
with relatively small plunge angles, and pressure axes forming a girdle or belt through the focal
hemisphere. These solutions suggest a uniform crustal stress pattern in which compressional stress
in the northwest-southeast direction is substantially lower than in other directions. Gravitational
energy is released through normal faulting events on north-northeast to northeast trending faults
and horizontal strain energy is released through dextral motion on steeply dipping, north trending
faults and through sinistral motion on east-northeast trending faults. The mechanics permitting
seismic slip on sub-horizontal (detachment) faults does not fit this conventional model.

e Exceptional focal mechanism solutions, including solutions having a nodal plane with dip< 20°,
strongly rotated tension axis direction, or reverse slip are encountered in the 1987-1989 SGB data.
They do not conform to the regional pattern, and some may indicate local anomalous tectonic
features. No unequivocal, predominantly compressional focal mechanism solutions have been deter-
mined from SGBSN data for earthquakes within 70 km of Yucca Mountain through 1989.

e SGB focal mechanism data are consistent with crustal stress models which display regional counter-
clockwise rotation of principal horizontal stress directions from the California-Nevada stateline at
36°N to 37°N, and ~ 116°W to 117°W to the eastern Sierra Nevada block boundary at about
118.1°W.

¢ Yucca Mountain, Nevada, is a seismically quiet site relative to surrounding areas. Focal mechanisms
for Yucca Mountain earthquakes are difficult to constrain, because no Yucca Mountain earthquakes
yet recorded have size greater than My, = 2.1, and most have My, < 1.0.

e Rock at shallow depths in the vicinity of Rainier Mesa displays a strong directional anisotropy for
P-wave velocities; whether this apparent anisotropy is the result of aligned cracks and stresses or of
the presence of crustal heterogeneity, i.e., a high-speed ridge under Rainier Mesa, is not determinable
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from P-wave arrival data alone. The ability to distinguish among competing explanations could be
achieved by an analysis of shear wave splitting from on-scale, three-component recordings of nuclear
device detonations which release tectonic strain over a range of azimuths; such data are not available
from the current SGBSN.
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Appendix A

Earthquake locations for the years 1987, 1988 and 1989
and quadrangle map names to which locations are keyed

All earthquake hypocenters reported in Appendix A are preliminary. The local hypocenter sum-
mary column headings are for the most part self-explanatory. UTC is Universal Coordinated Time.
Horizontal error equals /sdz? + sdy2?, where sdz and sdy refer to the HYPO71 standard errors in
longitude and latitude, respectively. Vertical error is the HYPO71 standard error in depth (sdz). “AZI
GAP” is the azimuthal gap, that is, the largest angle subtended by the epicenter and any two circu-
larly adjacent stations with positive phase weight. “Q1” and “Q2” represent two HYPO71 hypocenter
quality estimates as defined by Lee and Lahr (1975). “DS” is a code for data source: A for analog
seismograms, (data scaled from develocorder films, starting depth, zp, at 7 km for iterations), all other
letters are for data scaled from digital seismograms. Five digital data letters are defined: Z, S, and
T are for minimum RMS travel time residual solution having 2o = 0, 7, or 12 km below sea level,
respectively, using the standard SGB crustal velocity model, modified to include a layer interface at
15 km, below which Vp = 6.5 km/sec; I is a solution using the standard SGB model without the
15 km interface, and Y is a solution using the Yucca Mountain velocity model. In each of the latter
cases, 2o = 7 km. for the initial hypocenter guess. zy and yo are always taken to be near the earliest-
reporting station. When equal final RMS values occur for solutions having different zq, the priority
for reporting is I, S, Z, and T. A and Y solutions were not extensively redetermined using different
values of zo.

Mca is the coda-average magnitude, Md is the duration magnitude estimate, MLh is local mag-
nitude from horizontal-component instruments, MLv is local magnitude from vertical-component in-
struments, MLc is the maximum of station magnitudes from overdriven (clipped) records. Amplitudes
recovered from vertical-component data are multiplied by 1.75 to provide an approximate horizontal-
equivalent amplitude. Mca is computed from the post-S coda by fitting the envelope function,

A(f) = Aot — 1,) 1,

to a sequence of 5.12-second windows of peak amplitude data in the unclipped portion of the seis-
mogram. In this formula, Ag is statistically determined, and is transformed into Mca. The modeled
time rate of decay is governed by the exponent 1.8, which lumps geometric spreading, scattering, and
anelastic attenuation. Mca appears to underestimate the true event magnitude when M > 2.7.

Depth estimates may be followed by one or two stars. One star means that the depth-of-focus
standard error estimate was very large (> half crustal thickness). Two stars imply that the depth was
fixed by HYPOT1 during the last several iterations for hypocenter, because the data lacked resolving
power for that parameter. In some instances, the standard depth error estimate, sdz is followed by one
or two +s. These cases, discussed in greater detail in the section, Preliminary hypocenter determination
for SGB earthquakes and explosions, are for hypocenters whose depth-of-focus uncertainty is greater
than would be suggested by sdz.

DELMIN is the minimum source to station distance in km, and RMS RES. is the root-mean-
square travel time residual, defined in the text of this report. #N PH. is the number of (P+S) phases
having positive weight in the solution. Finally, U.S.G.S. quadrangle is the name of 7% or 15 minute
topographic quadrangle in which the epicenter lies. Regional events are not assigned quadrangle names.
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Figure A5.— Map tabulating maximum earthquake magnitude (M where available, otherwise Mp or
M_,) in each 7%' quadrangle within the ranges 114.875°W to 117.875°W and 36.125°N to 38.125°N
recorded by the SGBSN. The top number is the maximum magnitude in the period 1987 through 1989,
and the bottorm number is the maximum magnitude in the period August, 1978 through December
1986. The letter “Q” (quiet) within a quadrangle means no earthquakes were monitored during that
period by the SGBSN. The NTS boundary and part of the California-Nevada state border are shown.
Alternate rows are shaded to aid in visual separation of information in adjacent quadrangles.
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